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ABSTRACT PAGE 
 
Herein, I have completed several experiments which encompass 
developing fiddler crabs as a model system, as well as sentinel and temperature 
studies to investigate biotic and abiotic factors in parasite transmission. My 
studies show which factors prevent, delay, or accelerate transmission and 
progression of H. perezi. The fiddler crab experiments by chapter are as follows:  
Chapter 1. I screened adult and juvenile fiddler crab populations for naturally 
occurring H. perezi infections at endemic and non-endemic sites. No natural 
infections were found in the adult or juvenile populations (Chapter 1 and 3). I 
completed inoculation trials with U. minax, U. pugnax, and U. pugilator, 
demonstrating that the parasite can survive and replicate in these species. 
Fiddler crabs can live for several months with patent infections. For example, I 
successfully transferred H. perezi from blue crab to fiddler crab and back to blue 
crab. Through serial inoculations I was able to serially maintain the parasite in 
the lab year-round. Building on the above experiments, I completed minimum 
dose studies which showed that a minimum inoculum of 1,000 parasite cells was 
required for patent infections. Additionally, I evaluated parasite progression 
through studies using Uca minax. These studies which used an inoculum in the 
ameboid trophont and clump colony stages showed that H. perezi progresses 
through its life-history stages in fiddler crabs as it would in blue crabs, with the 
filamentous trophont stage first observed in the hemolymphs smears followed by 
the ameboid trophont stage.  
Chapter 2. Intertidal environments are well known as areas of environmental 
extremes, and accordingly the animals that reside there have adapted to those 
conditions out of necessity. One abiotic factor that can have large diel variation is 
temperature. To address the impact of temperature variation of the marsh and 
subtidal habitat on H. perezi, I developed laboratory temperature experiments 
with nascent infections (7 °C, 15°C, 20°C, 25°C, 30°C), with patent infections 
(10°C, 15°C, 20°C, 30°C), and a progression series over fine scale (15°C, 17°C, 
19°C, 20°C) temperature increments. These studies demonstrated that growth of 
the parasite is limited at the higher and lower temperatures, and that H. perezi is 
eliminated from the host at 30°C. This was confirmed by hemolymph smears, 
histology, and PCR.  
Chapter 3. The successful laboratory inoculations and lack of infections in fiddler 
crabs from endemic areas led to additional field deployments. These experiments 
aimed to address the dissonance of the initial results. My sentinel studies 
included fiddler crabs deployed in a crab pot from a pier touching bottom, 
deployed from the pier approximately mid-tidal height, deployed mid-marsh in 
mesh cages without access to bury, and deployed mid-marsh with access to 
bury. Fiddler crabs can obtain H. perezi infections in the marsh when caged 
without access to bury or when fully or partially submerged from a pier. However, 
they do not obtain H. perezi infections when given access to bury. Natural 
behaviors, such as burying along with elevated marsh temperatures likely 
prevent the establishment of H. perezi in the natural fiddler crab population.  
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Introduction 
 
Research Prologue 
 
 My studies investigate the host-parasite association among the parasite Hematodinium 
perezi and two hosts, the American blue crab and fiddler crab (Uca spp.). Hematodinium perezi 
is a parasitic dinoflagellate that is a host generalist infecting numerous decapods on the east coast 
of the USA (Pagenkopp Lohan et al., 2012). It is frequently found in blue crabs in high-salinity 
waters, but it does not thrive at low salinities (Newman and Johnson, 1975; Messick and Shields, 
2000). The blue crab, Callinectes sapidus, is found throughout the coastal, shallow, subtidal 
zones of the eastern USA. It is a euryhaline species, but it has specific salinity requirements for 
embryonic and larval development (Epifanio, 1995). Juveniles and adults can enter the littoral, 
intertidal, zone, where they prey on fiddler crabs and other invertebrate species (Teal, 1958). The 
fiddler crabs, U. minax, U. pugnax, and U. pugilator, live in the littoral zones of the eastern 
USA. Although mostly euryhaline, each species has specific salinity and sediment requirements 
(Miller and Maurer, 1973; Teal, 1958). They are considered semi-terrestrial due to their ability to 
thrive in moist terrestrial habitats. This semi-terrestrial behavior of fiddler crabs has allowed me 
to explore the life cycle and transmission of H. perezi from a new vantage point.  
 My dissertation contains three chapters that address several key questions on the host-
parasite association using laboratory experiments and field studies. First, I investigated the use of 
fiddler crabs as a model system, evaluating the prevalence and host range of H. perezi within 
natural populations of three species of fiddler crabs (U. minax, U. pugnax, and U. pugilator) and 
their susceptibility to the parasite. I undertook an analysis of infectivity using minimum dose 
studies and determined if H. perezi could be transferred from fiddler crabs to blue crabs by 
inoculation. Secondly, I completed a series of laboratory experiments to evaluate the influence of 
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temperature on the progression of H. perezi in U. minax. Lastly, I determined if transmission 
barriers were responsible for the lack of natural infections and tested this between habitat zones, 
using fiddler crab sentinel (submersion) studies in endemic waters. This introduction serves as a 
brief overview of blue crabs, fiddler crabs, and H. perezi, types of transmission barriers, and how 
these species interact with biotic and abiotic factors in their environment. The introduction 
section concludes with an outline of my research hypotheses and objectives. 
 
The American blue crab: Callinectes sapidus Rathbun, 1896 
 Although my research focuses on fiddler crabs as a model system for H. perezi, blue 
crabs are a primary host for the parasite and they serve as positive controls for many of my 
studies. Therefore, it is important to begin with an overview of blue crabs to show both the 
similarities and differences in their life cycle and habitats compared with those of the fiddler 
crabs. The life cycle of the American blue crab in Chesapeake Bay begins with the juvenile blue 
crabs migrating long distances while maturing. Males and females prefer low salinity waters for 
maturation (Hines, 2007). Female blue crabs migrate to low salinities to mature and mate, then 
move to high salinity waters to spawn (Van Engel, 1958; Aguilar et al., 2005). In one study, 95% 
of ovigerous females were found at salinities above 15 ppt (Archambault et al., 1990), and this 
pattern occurs in Chesapeake Bay. Once the eggs hatch, the zoea are not retained in the parent 
estuary. Zoea in estuary surface waters are pushed towards the continental shelf by wind-driven 
surface currents (Epifanio, 1995). After 7-8 molts occurring over one to two months, the final 
zoeal stage molts into a megalopa (Costlow and Bookhout, 1959).  
The transport of megalopae into the lower Chesapeake Bay and York River are correlated 
with wind and tidal influences (Epifanio, 1995; Olmi, 1995). Megalopae are chemotactically 
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attracted to chemical odors of seagrass beds (Welch et al., 1997). Upon finding suitable habitat, 
the megalopae settle and molt into juveniles (Orth and Montfrans, 1987). Juveniles molt several 
times to 5th – 7th crab instar stages, then disperse throughout the estuary where they continue to 
grow and mature (Hines, 2007). Blue crabs reach maturity between ~110 to 180 mm (Hines, 
2007). Females mate only once after the pubertal molt (Van Engel, 1958), then migrate back to 
high salinity areas to spawn, thus completing the life cycle. Males typically stay in low salinity 
waters (Hines, 2007). Blue crabs from Chesapeake Bay can live 4-5 years (Sharov et al., 2003); 
however, their recruitment into the fishery occurs approximately 2 years post settlement (Smith 
and Chang, 2007).  
Fiddler crabs: Uca spp. 
 Three species of fiddler crab, Uca minax, U. pugnax, and U. pugilator, are found in the 
intertidal marshes of Virginia. These semi-terrestrial crustaceans congregate in large groups, or 
droves, and serve an equally large purpose in the marsh. Globally, fiddler crabs are ecosystem 
engineers via bioturbation through their burrowing and feeding activities, even in areas that have 
a high sewage load, such as mangrove wastewater wetlands (Chatterjee et. al., 2014; Penha-
Lopes, 2009). They are important detritivores scraping the marsh surface for detritus and 
reworking marsh sediments, thereby converting it into biomass that is then more accessible to 
larger animals (Gittman and Keller, 2013; Bertness, 1985). Fiddler crabs are also a food source 
for many animals in intertidal areas such as raccoons, clapper rails, fish, mud crabs, and blue 
crabs (Teal, 1958).  
The life cycles of fiddler crabs include completely aquatic zoeal and megalopal stages. 
The larvae progress through 5 zoeal stages and one megalops (Epifanio et. al., 1988). Although 
there is some retention within the estuary, zoeal stages are predominantly pushed towards the 
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continental shelf (Epifanio et. al., 1988). In the water column, the postlarvae (megalopae), of 
Uca species are nocturnally active and their immigration occurs during nocturnal flood tides 
(Christy and Morgan, 1998). The megalopal stage then uses the flood tidal currents to migrate to 
suitable adult habitats.  Fiddler crab megalopae locate an adult habitat suitable to their particular 
species, based on salinity and substrate types (see below). For example, although U. pugnax, U. 
pugilator, and U. minax were present in plankton tows at one site, only the megalopae of U. 
pugilator settled in the adjacent intertidal habitat (Welch et. al., 2015). U. minax megalopae are 
triggered to molt to the first-crab stage through chemical cues from the marsh (O’Connor and 
Judge, 2004). 
In North Carolina, male U. pugnax and U. pugilator begin courting in March and 
continue into September (Christy, 1982). In the laboratory, ovigerous U. minax, U. pugnax, and 
U. pugilator undertake a semilunar release of their larvae before the date of the full or new 
moon. The larvae are released close to high tide, which is followed by a large-amplitude 
nocturnal ebb tide (Christy, 1982).  
Once fiddler crab species reach adulthood, they vary in their preference range for several 
abiotic factors. Adult U. pugnax are common in high salinity marshes of short to medium 
Spartina alterniflora, with muddy substrate (Brodie et. al., 2005; Teal, 1958). Uca pugnax is 
found in higher salinity areas of 21 - 29 ppt (Miller and Maurer, 1973). Brodie et al. (2005) also 
found average salinity values to be good predictors for the presence and absence of U. minax. 
This was also reported by Teal (1958), who showed U. minax preferred muddy brackish water 
habitats with low salinity. For example, U. minax can even be found in fresh water (Miller and 
Maurer, 1973). Uca pugilator prefers areas with a sandy substrate and is unable to live in areas 
with muddy substrate possibly due to the specialized setae on their maxillipeds (Teal, 1958).  
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 Unlike blue crabs, adult fiddler crabs do not have a terminal molt and continue to 
undergo ecdysis and growth. Fiddler crabs, as with blue crabs, have identifiable color changes 
depending on molt stage (Guyselman, 1953). In Uca pugilator, these color changes occur in the 
dorsal crest. The water content of U. pugnax has been shown to increase during molting. 
Shedding the exuviae can occur quickly, in as little as fifteen minutes (Guyselman, 1953). Crabs 
that live on land, such as the fiddler crab, typically molt inside their burrows (Bliss, 1968). Uca 
pugnax reaches maturity in one year and is estimated to live 1-1.5 years (Shanholtzer, 1973; 
Grimes et. al., 1989).  
 
The parasite: Hematodinium perezi Chatton and Poisson, 1931 
 
Hematodinium perezi is a parasitic dinoflagellate in the order Syndinida. The Syndinida 
(Syndiniales in botanical nomenclature) are mostly parasites of invertebrate hosts and typically 
have at least 3 life cycle stages: plasmodium, trophont, and sporont (Stentiford and Shields, 
2005; Li et. al., 2011; Fig. 1.1). Hematodinium perezi was first described in Carcinus maenas 
and Liocarcinus depurator from France (Chatton and Poisson, 1931). Three closely related 
genotypes have been described: genotype I from the type hosts C. maenas and L. depurator, 
genotype II from Chinese hosts, and genotype III from the blue crab and other American hosts 
(Small et al., 2012). Thus, the species in the blue crab is H. perezi or H. perezi (III). 
Microsatellite data have shown that H. perezi genotype III infects blue crabs from Virginia to 
Texas and is capable of infecting a wide range of host species (Pagenkopp Lohan et al., 2013). 
Hematodinium perezi infections are found in blue crabs from New Jersey to Florida and along 
the Gulf Coast in areas of high salinity (Messick and Shields, 2000).  
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Hematodinium sp. from Norway lobsters and Atlantic snow crabs were described from in 
vitro culture by Appleton and Vickerman (1998) and Gaudet et al. (2015). Hematodinium perezi 
from the blue crab was described from in vitro culture (Li et al., 2011). All three life cycles 
include multiple life history stages within the host crustacean. For H. perezi, the filamentous 
trophont, or vermiform plasmodium, is the earliest diagnostic stage. The filamentous trophont 
undergoes merogony to develop into ameboid trophonts. Both the filamentous and ameboid 
trophonts are found in the hemolymph of the host. In vitro, the ameboid trophonts coalesce into 
an arachnoid trophont, which is characterized by a lattice-like morphology. The arachnoid 
trophont then grows into an arachnoid sporont which gives rise to either sporoblasts or schizonts. 
The schizont was thought to be an aberrant stage by Li et al. (2011) as it occurred infrequently in 
cultures. The schizonts give rise to the gorgonlocks stage that bud into filamentous trophonts (cf. 
gorgonlocks of Appleton and Vickerman, 1998). The filamentous trophonts then undergo 
merogony and divide into the clump colony stage which then develops into the arachnoid 
trophont stage. If the arachnoid sporont develops into sporoblasts, then the sporoblasts divide to 
produce prespores which then become macro- or micro-dinospores. The development of macro- 
and microdinospores is a hallmark of the Syndinida (Stentiford and Shields, 2005). Dinospores 
presumably infect a naive crab and develop into filamentous trophonts completing the life cycle. 
Dinospores are released from the crab host and are the free swimming stage of the 
parasite. Macrospores are detectable in aquaria for up to 7 days (Li et al., 2010, 2011). The 
density of the released dinospores can be extremely high. In one 38-L aquaria the density ranged 
from 2×105 to 106 cells/mL (Li et al., 2010) and densities of over 1.6×108 cells/mL have been 
reported in hemolymph from sporulating crabs (Shields and Squyars, 2000). Little is known 
about the dinospore stage except that they are intolerant to low salinities (Coffey et al., 2012). 
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Filamentous and ameboid trophonts are easily diagnosed from hemolymph smears 
stained with 0.3% neutral red using light microscopy. The lysosomes of the parasite readily take 
up neutral red and host cells acquire very little stain (Chatton and Poisson, 1931; Stentiford and 
Shields, 2005). In addition to Hematodinium being found in the hemolymph, parasite cells can be 
abundant in hemal sinuses of the muscle, heart, and hepatopancreas (Stentiford and Shields, 
2005). The overt signs of advanced infections of H. perezi are milky-white hemolymph that has 
few hemocytes and is slow to clot, as well as moribund behavior of the crab (Newman and 
Johnson, 1975; Shields and Squyars 2000). In inoculation trials, blue crabs may begin to die two 
weeks post injection with mortality peaking after 3-4 weeks (Shields and Squyars, 2000). The 
parasite was visible in the hemolymph two weeks post inoculation and the parasite replication 
was rapid within the hemal sinuses of the heart. In naturally infected crabs held in the laboratory, 
mortality was 100% over a 35-day period (Messick and Shields, 2000).  
Several trends in blue crab infections are readily apparent with respect to salinity, season, 
host size, and location. Infections do not occur in areas < 11 ppt (Newman and Johnson, 1975), 
and rarely occur at 18 ppt (Messick and Shields, 2000). Prevalence exhibits a seasonal trend, 
peaking in fall and spring, with a nadir in winter. Hematodinium perezi occurs in outbreaks 
where the prevalence can reach 100% in early juvenile crabs (5-29 mm) (Messick, 1994). 
Prevalence is higher in small crabs (5-89 mm) than in larger crabs (90-180 mm), and both sexes 
bear infections. Because of the association with high salinity, infections occur primarily in high 
salinity estuaries such as the coastal bays of the Delmarva Peninsula (Messick and Shields, 
2000). 
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Hematodinium perezi in alternate hosts 
Hematodinium perezi has been suggested to be a broad host generalist (Pagenkopp Lohan 
et al., 2012). It is capable of infecting several families of hosts within the order Decapoda 
(Sheppard et al., 2003; Stentiford and Shields, 2005). Hematodinium-like parasites have been 
histologically reported from several species of Amphipoda (Johnson, 1986) and ITS1 sequence 
data indicates that the parasite may be H. perezi (Pagenkopp Lohan et al. 2013). In high salinity 
areas, H. perezi is common in blue crabs (C. sapidus), which appear to be the primary host for 
the parasite as alternate hosts typically have lower prevalence and intensity levels compared to 
blue crabs although there are some exceptions (Pagenkopp Lohan et al., 2012). The spider crab, 
L. dubia, had a natural prevalence of 17.6% which is comparable to the prevalence in blue crabs, 
but this was based on a small sample size. When other brachyuran species, such as the mud crab 
Panopeus herbstii, were inoculated with infectious doses of H. perezi, they did not obtain 
infections (Pagenkopp Lohan et al., 2012). Only the spider crab, L. emarginata, developed 
progressive infections.  
Although the list of alternate hosts for H. perezi III contains at least ten species, many 
potential host species (brachyuran, anomuran and amphipods) have yet to be screened or tested 
to determine if they are potential reservoirs or alternate hosts (Pagenkopp Lohan et al., 2012; 
Messick and Shields, 2000; Sheppard et. al., 2003). Reservoir hosts are defined as a host 
population in which the parasite is maintained and can be transferred back to the target host 
population (Haydon et. al., 2002; Pagenkopp Lohan et al., 2012). Alternate hosts are defined as a 
host other than the principle host on which the parasite thrives. By comparing differences 
between susceptible and unsusceptible species, the host requirements of Hematodinium can be 
more fully elucidated. In this respect, the intertidal fiddler crabs, Uca minax, U. pugnax, and U. 
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pugilator, have significant potential for examining host and ecological barriers to the 
transmission of H. perezi.  
Environmental transmission barriers  
Intertidal marshes are typified by environmental extremes, such as high temperatures, 
reduced oxygen levels, and desiccation (Levinton, 2001). Stressors such as these could 
potentially be acting as H. perezi transmission barriers in the marsh habitat.  
Transmission barriers include abiotic factors such as salinity and temperature. There are 
many examples salinity affecting pathogens in marine hosts. For example, when exposed to the 
ostreid herpesvirus 1 (OsHV- 1), the oyster Crassostrea gigas has reduced host mortality at 
lower salinities (Fuhrmann et al., 2016). The salinity tolerance of H. perezi has been thoroughly 
investigated and it prefers areas of higher salinity (Newman and Johnson, 1975; Messick and 
Shields, 2000; Coffey et al., 2012). Temperature also affects pathogens in marine hosts. Huchin-
Mian et al. (2018) determined that 30 psu and 25°C produce optimal growth of H. perezi in the 
blue crab host. The highest temperature tested in their study was 30°C and the impact of higher 
temperatures, such as those present in the marsh, are unknown. In addition to burrowing 
behavior, reduced salinity due to rain events, elevated salinity due to evaporation in tidal pools, 
and elevated marsh temperatures are all potential transmission barriers of H. perezi to fiddler 
crabs.  
Physiographic features can either acts as barriers or amplifiers of disease transmission. 
For example, ectoparasites of sillaginid fishes have two distinct populations between provinces 
in Asia and Australia due to a steeply descending topography (Hayward, 1997). This deeper area 
prevents the passage of sillaginid fish between the two areas, isolating their ectoparasites into 
two distinct populations. Comparatively, physiographic features in several crustacean host-
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pathogen systems, such as shallow enclosed lagoons or narrow sills in fjords, may amplify 
infectious stages and increase the prevalence of H. perezi and other pathogens (Shields, 2012).  
 
Behavioral transmission barriers 
Host population density has a well known effect on disease transmission for pathogens 
using the direct transmission route. This means that disease transmission can be group, or size 
dependent, where larger groups are expected to have more exposure, conversely smaller or 
isolated populations are expected to have less (Loehle, 1995). Fiddler crabs live in large groups 
and often have high population densities. These populations would be expected to lead to more 
intraspecific transmission of some parasites and diseases, however my initial research showed 
that fiddler crabs do not naturally have H. perezi infections. 
Behavioral adaptation may be another example acting as a barrier to transmission. The 
spiny lobster Panulirus argus can avoid other lobsters infected with the virus PaV1 acting as a 
barrier to transmission (Dolan et al., 2014; Butler et al., 2015). Fiddler crabs have a suite of 
behaviors used in communication, territorial defense, and mate attraction, and mate guarding. 
Therefore, one might expect sick crabs to be less effective in competing for mates or 
communicating with other crabs. However, I found little evidence for this in my studies, albeit 
behavioral effects were not a central component of my studies. Nonetheless, because H. perezi 
does not normally infect fiddler crabs, social transmission barriers likely do not operate in these 
crabs.  
In conclusion, investigating barriers to transmission is complicated by abiotic and biotic 
factors. Nonetheless, the marsh habitat affords a unique opportunity to evaluate several potential 
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transmission barriers of H. perezi including behavior, temperature, salinity, and length of 
exposure to tidal inundation from endemic waters. 
 
Research Objectives 
My studies focused on determing whether fiddler crabs may be used as model hosts for 
examining the nature of infectivity of H. perezi in a natural system and in the laboratory. I 
hypothesized that if fiddler crabs were exposed to H. perezi naturally or through inoculation then 
they would become infected with H. perezi. My development of a model system (Chapter 1) led 
to further questions because fiddler crabs were susceptible to infection by inoculation, but no 
natural infections were found in the field. I then hypothesized that if behavioral or environmental 
barriers to transmission were present, then fiddler crabs would not become naturally infected. By 
removing these barriers, the crabs would become infected and the effect of the barrier could be 
identified. Building on the environmental barriers question, I hypothesized that if infected fiddler 
crabs were exposed at given temperatures then progression would be impacted, with higher 
temperatures accelerating proliferation and lower temperature inversely reducing it. Indeed, this 
is the beauty of the model system. Large numbers of animals can be infected and the effect of 
abiotic factors can be investigated in a controlled environment. 
My pilot study which demonstrated the susceptibility of U. minax by injection led to 
several research objectives. First, I expanded on my pilot study with inoculation trials of all 3 
fiddler crabs species and determined their susceptibility to H. perezi. I determined the minimum 
inoculation dose for H. perezi in fiddler crabs, followed the life-cycle progression, and screened 
hemolymph samples from fiddler crabs in endemic locations where H. perezi is known to be 
present in the nearby blue crab population. My next objective was to determine why the fiddler 
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crabs were susceptible by inoculation but lacked infections in the field. I did this by designing 
field and laboratory experiments which isolated various potential barriers to transmission, such 
as burrowing behavior and length of exposure to endemic waters. My last objective was to 
monitor the progression of H. perezi in fiddler crabs held at different temperatures in the 
laboratory and compared these results to the temperatures observed in my sentinel field studies.  
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Figures 
Figure 1.1 The in vitro life cycle of Hematodinium perezi as described in Li et. al. (2011). 
Filamentous trophonts, ameboid trophonts, or clump colonies can be found in hemolymph 
smears of infected hosts. 
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Abstract 
 
 The parasitic dinoflagellate Hematodinium perezi negatively impacts the commercially 
important blue crab, Callinectes sapidus. The parasite is a host generalist, but it has not been 
reported from littoral fiddler crabs living within a few meters of habitat known to harbor infected 
blue crabs. In the first study, populations of three species of fiddler crab were screened for 
natural infections. The infection status of field-collected and lab-inoculated crabs was 
determined by screening fresh hemolymph with a 0.3% neutral red solution. Fiddler crabs were 
collected by hand in an area adjacent to where infected blue crabs were commonly collected. 
None of the 431 fiddlers had natural infections. In two separate studies, three species of fiddler 
crabs, Uca minax, U. pugnax, and U. pugilator, were evaluated for their susceptibility to H. 
perezi via inoculation of trophic stages. Uca minax inoculated with 10,000 cells of H. perezi 
were monitored for progression of the parasite. During hemolymph screenings of disease 
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progression, filamentous trophonts, ameboid trophonts, and clump colonies were observed, 
indicative of active infections. In the second study, the minimum infective dose in U. minax was 
investigated. Fiddler crabs were inoculated with 0, 100, 1,000, or 10,000 parasite cells per crab. 
The minimum dose was determined to be approximately 1,000 ameboid trophonts per crab. All 
three species of fiddler crab were susceptible to H. perezi via inoculation. The parasite was 
serially transferred from fiddler crabs to blue crabs without loss of infectivity. Survival studies 
indicated similar progression patterns to those observed in blue crabs. Based on our results 
fiddler crabs can serve as a laboratory model for investigating H. perezi infections and may be 
useful for comparative studies with blue crabs.  
1. Introduction 
  
Fiddler crabs have been used as model systems for ecological and behavioral studies; 
however, their potential for understanding pathogens that impact crustaceans of commercial 
importance has not been examined and merits further exploration. For example, in a dose-
titration experiment a ciliate, Orchitophyra stellarum, which is known to infect blue crabs 
(Callinectes sapidus), caused similar infections when inoculated into the fiddler crab, Uca minax 
(Miller et al., 2013). Compared to blue crabs, semi-terrestrial fiddler crabs are easier to collect 
and maintain in the lab and have a smaller footprint in terms of aquarium needs. Their ease of 
care and susceptibility to parasites found in blue crabs facilitates their use in the development of 
a comparative model. Their parasite fauna are also well known. Fiddler crabs (Uca spp.) in the 
southeastern United States are susceptible to a wide range of parasites, including 
acanthocephalans (Nickol et al., 2002), trematodes (Smith et al., 2007), nematodes (Wong et al., 
1989; Wong and Anderson, 1990) and a bopyrid isopod (Bourdon and Bowman, 1970). In 
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instances where their habitat and parasite susceptibility overlap, fiddler crabs may be useful in 
comparative studies with blue crabs or other commercially important hosts. 
 The distributions of many parasite and host species share a dependence on specific biotic 
and abiotic factors which allow them to thrive. To illustrate this, the prevalence of fiddler crabs 
in a given area depends on the species of marsh plants present (Kerwin, 1971), salinity (Miller 
and Maurer, 1973), and the available substrate type (Teal, 1958). In Virginia, marsh habitats 
used by fiddler crabs (Uca spp.) are adjacent to those used by blue crabs, overlapping at high 
tide. However, during high tides, Uca spp. can remain inside their burrows blocking the entrance 
with mud or sand (Warner, 1977). Their distance from the tide line depends on the species. Uca 
pugnax and U. pugilator are found in the lower marsh, whereas Uca minax prefers to burrow in 
the high marsh and forage in the low marsh (Bertness, 1999). When fiddler crabs are approached 
during low tide, they will frequently enter the water as an escape response (O’Leary pers. obs.). 
Teal (1958) reported that all three species of fiddler crabs were seen feeding underwater during 
field observations; hence they can overlap in their habitat use with blue crabs. 
 The parasitic dinoflagellate Hematodinium perezi is a host generalist that infects several 
demersal crustacean species along the eastern seaboard of the USA (Messick and Shields, 2000; 
Pagenkopp Lohan et al., 2012). However, it has not been reported in marsh-dwelling species, 
including fiddler crabs. In order for a host to be successfully infected, the parasite must 
encounter the host and the host needs to be susceptible (Combes, 2001; Kuris et al., 2007). 
Despite the overlapping and adjacent habitats of blue crabs and fiddler crabs, we do not know if 
fiddler crabs encounter the transmissive stage of H. perezi. Free swimming macro- and micro-
dinospores are believed to be the transmissive stage (Stentiford and Shields, 2005; Frischer et al., 
2006; Li et al., 2011), and environmental waters can be positive for H. perezi using quantitative 
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PCR (Hanif et al., 2013). Here we define H. perezi as a host generalist due its ability to cause 
visible infections in the hemolymph of these other host species. However, little is known about 
interspecies transmission cycle. Unlike blue crabs, fiddler crabs spend much of their time 
foraging on land at low tide and potentially hide within burrows during high tide, thereby 
avoiding exposure to the dinospore stage, as well as predation by littoral predators. Moreover, 
fiddler crabs may not be susceptible to H. perezi, even if they encounter the parasite, due to 
genetic or other host factors. 
 The abiotic factors affecting the distribution of H. perezi include the physiography of 
their habitat, temperature, and salinity (Shields, 1994; Messick and Shields, 2000). Local 
physiography is an important factor in the ecology of H. perezi infection; shallow nursery habitat 
areas with limited water flow may lead to a high prevalence of infections in blue crabs. 
Prevalence also follows a seasonal pattern in blue crabs, with peaks occurring during late 
autumn. Blue crabs infected with H. perezi are typically found in areas with a salinity range 
between 26-30 psu, but rarely below 18 psu (Messick and Shields, 2000; Newman and Johnson, 
1975). In comparison, both U. minax and U. pugnax overlap in their salinity ranges; however, U. 
minax is abundant in low salinity areas between 0-12 psu and U. pugnax is preferentially found 
in higher salinity areas between 21-29 psu (Miller and Maurer, 1973). Uca minax can also be 
found in moderate salinity ranges at ~20 psu (O’Leary, per. obs.). All 3 species, including U. 
minax, are capable of surviving more than three weeks in the laboratory at higher salinities, 
including 30, 43, 49, and 58 psu (Teal, 1958). The overlap in the salinity range between Uca spp. 
and H. perezi could lead to transmission of the parasite to fiddler crabs in endemic locations.  
 Given the overlapping distribution and habitat usage of blue crabs and fiddler crabs and 
thus the potential for fiddler crabs to encounter H. perezi, our objective was to evaluate the 
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infectivity of H. perezi in three potential alternate host species (U. minax, U. pugnax, and U. 
pugilator). We undertook five studies to evaluate the suitability of fiddler crabs as alternate 
hosts; (1) we screened the three host species to determine the prevalence of H. perezi in the field; 
(2) we performed inoculation trials on individuals from all three species to determine their 
susceptibility to infection; (3) we monitored U. minax hemolymph samples from inoculated 
crabs over time to determine if the parasite is capable of progressing through its normal life 
stages as found in blue crabs; (4) we undertook a dose-titration study with U. minax to determine 
if there was a minimum dose needed for infection to occur; and (5) we evaluated if hemolymph 
from exposed U. minax was infective to blue crabs.  
 
2. Materials and Methods 
2.1. Fiddler Crab Maintenance 
 For the Minimum Dose Study, 40 fiddler crabs (Uca minax) were housed in separate 
plastic containers with lids (34.6 cm x 41 cm x 17.8 cm) and filled with 1L of artificial seawater 
at 30 psu, with York River sand as substrate. A small hole (range: 16-18 mm dia.) was drilled 
through the lid for air exchange and feeding. The containers were propped at an angle (~20-25°) 
to provide an amphibious environment. The salinity was chosen based on the areas where H. 
perezi is typically found. The salinity was checked from one randomly chosen container twice 
per week. Water changes (100%) were carried out approximately every two weeks or more 
frequently if needed. Water quality (pH, NH3/NH4
+, NO2
-, and NO3
-) was monitored in randomly 
chosen containers (n=4) approximately every two weeks. An API® saltwater master kit was used 
for all water quality tests. Mortality, molting, and room and water temperatures were monitored 
daily. Both replicates were done in the fall and the room temperature gradually decreased as the 
season progressed. A portable heater was used as needed in the winter to keep room temperature 
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≥14 ̊C. Water temperature was measured daily. The same maintenance methods were used for 
the U. pugnax and U. pugilator experiments, and these species were housed in the same room as 
U. minax and monitored as described above. The fiddler crabs were fed one piece of dog kibble 
(mean: 0.278 g, n = 5, Pedigree® Small Breed) twice weekly. This diet has been used in other 
crustacean laboratory studies, such as for C. sapidus (Bridgman, 1969). 
 The Minimum Dose Studies, Progression Studies, and U. pugnax and U. pugilator 
Exposure Studies were ended after 9 weeks. The original study duration was chosen based on the 
results of experimentally infected C. sapidus as in Shields and Squyars (2000). After the 
experiments ended, a reduced maintenance schedule was followed until week 36. Fiddler crabs 
were fed and checked for mortality twice weekly after week 9. Water quality parameters were 
only recorded for the first 9 weeks.  
2.2. Blue Crab Maintenance 
 Ten blue crabs (Callinectes sapidus) were maintained as positive controls in static 10-
gallon tanks with Whisper® filters and crushed coral substrate. Mortality, molting, and room and 
water temperatures were monitored daily. Blue crabs were fed chopped pieces of commercial 
squid twice per week. This diet has been used previously with blue crabs (Li et al., 2011). 
Artificial sea water was used and maintained at approximately 30 psu. The salinity was checked 
twice a week. Water quality (pH, NH3/NH4
+, NO2
-, and NO3
-) measurements were made from 
randomly chosen tanks (n=2) monitored approximately every 2 weeks.  
2.3. Experimental Inoculations  
 The Minimum Dose Study included 5 treatment groups with 10 crabs in each treatment. 
In the positive control group, blue crabs were inoculated with 10,000 cells of H. perezi in MAM 
(Modified Appleton Medium) buffer, and in the negative control group fiddler crabs were 
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inoculated with MAM buffer alone. For inoculations, crabs were sterilized with 70% ethanol at 
the juncture of the basi- ischium and approximately 100 µl of inoculum was injected into each 
crab (BD 1 mL TB syringe, needle 27G × 1/2 0.4 mm × 13 mm). The filter-sterilized MAM 
consisted of 1 L nanopure water, 5 mL penicillin-streptomycin (5,000 IU/mL penicillin, 5 
mg/mL streptomycin), 27.99 g NaCl, 0.95 g KCl, 2.014 g CaCl2, 1.204 g anhydrous MgSO4, 
0.554 g Na2SO4, and 1.192 g HEPES with pH balanced to 7.8 (Appleton, 1996). The 
experimental groups had inoculation doses of 100, 1000, and 10,000 H. perezi cells per crab. 
These doses were chosen based on two previous pilot studies that showed no infections with 
treatment doses of 10, 100, and 1,000 H. perezi cells per crab. The results of the pilot studies 
indicated that a higher parasite cell dose should be used, therefore the 10,000 cell dose was 
added to the methodology. The three remaining studies, Progression, U. pugnax, and U. 
pugilator Exposures, all used doses of 10,000 H. perezi cells per crab. The Progression Study 
included a negative control group during the second year (U. minax, n=10). All of the inoculation 
studies used adult male fiddler crabs.  
 Blue crabs with moderate to heavy ameboid trophont infections were used as donors for 
inocula. In 2013, the infected hemolymph from two infected blue crabs was pooled. In 2014, 
hemolymph from only one blue crab was used. Blue crabs were chilled for approximately 1 hour 
in half empty tanks with five 500-mL bottles of ice added. The tanks were individual plastic 
containers (~ 33 cm width × 17.8 cm height × 40.6 cm length) which were connected by PVC to 
a single water trough, filtration, and UV sterilization. For inocula, aliquots of 3 mL of raw, 
infected hemolymph were added to 10 mL MAM buffer in 15-mL centrifuge tubes. 
(Alternatively, raw hemolymph can be added to 10 mL MAM buffer in a culture flask. The host 
cells then adhere to the flask over a period of 10 minutes. The flask is shielded from light under a 
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box. The decanted solution with the parasite cells from the flask is then transferred to a 
centrifuge tube.) The tubes were centrifuged at 3,400 RCF for 15 minutes at 4°C and 8-9 mL of 
supernatant was removed. The remaining 4-5 mL in each tube were aspirated, pooled, and 
centrifuged as above. Cell density was estimated using a hemocytometer and an average value 
based on triplicate counts was used. Cell densities were adjusted using MAM buffer to achieve 
required doses for each study. Preparations of the inocula were kept on ice until aliquoted and 
injected into a naïve host.  
 In the Minimum Dose study, the few crabs that died within the first 24 hours due to 
handling stress were replaced. Hemolymph samples of blue crabs and fiddler crabs were 
screened prior to use for H. perezi using neutral red as described below. Fiddler crabs were 
obtained from an area which due to its lower salinity is non-endemic for the parasite (Severn 
River, VA).  
2.4. Hemolymph Screenings  
 Fiddler and blue crabs were screened for H. perezi prior to and during experiments. 
Aliquots of 2-3 drops of hemolymph were mixed with 2-3 drops of 0.3% neutral red in MAM 
and the smear examined by light microscopy for H. perezi as in Stentiford and Shields (2005). 
Neutral red smears have been shown to have a sensitivity of 94.1% (Shields et al., 2015). Crabs 
in the Minimum Dose Studies and the U. pugnax and U. pugilator Studies were screened prior to 
inoculation, then again at weeks 2, 6, and 9. Animals in the Progression Study were screened 
weekly for a minimum of 8 weeks. Two U. minax in the Progression Studies, one per replicate, 
were confirmed infected with H. perezi by PCR diagnostic targeting the ITS1 region as in 
Pagenkopp Lohan et al. (2012). Two crabs were also processed for histological assessment. Gill, 
carapace, and epidermis from two U. pugnax were fixed in Bouin’s solution, decalcified, 
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processed through an ethanol series into paraffin, sectioned and evaluated by hematoxylin and 
eosin (H&E) according to Shields et al. (2012) and Luna (1968). Serum protein levels were 
measured weekly with a veterinary refractometer for each crab in the Progression Studies as in 
Shields et al. (2003). 
2.5. Horizontal Transfer among Species 
 The Transfer Study was a pilot intended to assess the viability of H. perezi in blue crabs 
following injection of hemolymph from U. minax exposed to H. perezi. In 2012, blue crab 
hemolymph infected with H. perezi was used to establish in vitro cultures using the methods 
described by Li et al. (2011). The culture, which was in the clump colony stage, had been 
maintained for ~2 months. It was concentrated by centrifugation to a final concentration of 4 × 
105 /mL and inoculated into 8 fiddler crabs (0.2 mL/crab). After ~3 months post exposure, 200 µl 
of hemolymph from one of the infected fiddler crabs was added to 900 µl MAM buffer. This was 
then used to inoculate five naïve fiddler crabs. After approximately 6 weeks, 5 uninfected 
juvenile blue crabs were inoculated with infected hemolymph from these fiddler crabs. After two 
weeks, the blue crab hemolymph was evaluated by neutral red smear for the presence of H. 
perezi. 
2.6. Collection of fiddler crabs screened for natural infections 
All three species of fiddler crabs were observed and collected at the moderate salinity site 
(~20 psu, Severn River 37○18’25.76”N 76○24’44.31”W, Fig. 2.1). Uca minax did not occur at 
the two high salinity sites, a mudflat island near the VIMS Eastern Shore Lab (~30-32 psu, 
Finney Creek in Wachapreague, VA, 37○37’8.61”N 75○40’22.10”W, Fig. 2.2) and an area 
adjacent to the public boat ramp in Oyster, VA (~30-35 psu, 37○17’19.18”N 75○55’23.56”W, 
Fig. 2.3). U. pugnax were collected from Finney Creek and both U. pugnax and U. pugilator 
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were collected at Oyster, VA. The moderate salinity site is an area where H. perezi is not 
endemic in the blue crab population; however, the high salinity sites are both endemic for H. 
perezi in blue crabs. 
2.7. Statistical Analysis 
 Power analysis was done prior to these experiments to determine sample sizes based on a 
30-50% effect size. A sample size of 10 was deemed suitable for replication purposes (G*Power 
3.0.10). The results of the Minimum Dose Study were analyzed with probit analysis to determine 
the estimated dose for 50% infection and its estimated standard error (Systat 11). Both the 
Minimum Dose Studies and the Progression Studies were analyzed by a Kaplan-Meier survival 
analysis to determine standard errors and the statistical difference between groups through log 
rank tests (JMP 4). Serum protein levels were analyzed by repeated measures ANOVA (Systat 
11). 
 
 
3.0 Results 
3.1. Natural Prevalence Levels in Uca spp.  
 Between 2012 and 2014, U. minax, U. pugnax, and U. pugilator were collected and 
screened for natural infections of H. perezi (Table 1.1). None of the 431 fiddlers (U. pugnax and 
U. pugilator) collected from the high salinity, endemic sites had infections. Collections were 
carried out in the summer, when background prevalence is usually ~20-30% in blue crabs, and 
the Fall, during peak prevalence levels (>80%) in juveniles (Messick and Shields, 2000; 
Messick, 1994). Of the summer collections in the endemic areas, 219 fiddler crabs were 
collected in early summer (June 6th). None of the 162 fiddler crabs collected at the moderate 
salinity, non-endemic site were infected (Table 1.1). 
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3.2. Status of Unexposed Fiddlers as Controls 
 The longevity of fiddler crabs serving as controls and their frequency of molting showed 
that the husbandry methods maintained the overall health of the animals. In both 2013 and 2014, 
none of the crabs used as negative controls died during the 9-week study. Mortality in the 
negative controls was 5% over two 7-month intervals. Molting activity was monitored 
approximately 1 month prior to the start of each replicate study. In the Minimum Dose Study 
(2013), 75% of the U. minax (n=40) had molted within a 309-day period, and 25% molted twice. 
In 2014, 80% (n=40) had molted over 286 days, and 12.5% molted twice.  
3.3. Susceptibility Experiments 
 Susceptibility experiments were undertaken for all three Uca spp. In U. minax, 90% (n = 
20, 9 out of 10 both replicates) became infected (see section 3.4). For U. pugnax, prevalence was 
60% (n=10) in the first experiment and 10% (n=10) in the second experiment at 6-weeks post 
inoculation. Several stages of the parasite were observed in the hemolymph, including 
filamentous trophonts, ameboid trophonts, clump colonies, and prespore stages. The prespore 
stage was observed in only one crab (week 6). By Week 6, mortality was 50% (n = 10) in the 
first experiment and 40% (n =10) in the second experiment. Infections were also confirmed in U. 
pugnax through H&E staining (Fig. 4.4, Fig. 4A & Fig. 4B). Histologically, the infections 
showed the parasite in the hemolymph and hemal sinuses of the hepatopancreas and other 
organs. 
 At 6 weeks, U. pugilator had a prevalence of 60% (n = 10) in the first experiment and 
30% (n=10) in the second experiment. The stages observed in the hemolymph smears included 
filamentous trophonts, ameboid trophonts, and clump colonies. Mortality at 6 weeks was 50% (n 
= 10) in the first experiment and 40% (n =10) in the second experiment.  
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3.4. Progression of infection in Uca minax 
 Two Progression Studies were undertaken to examine progression and proliferation of H. 
perezi in U. minax. In both studies, no infections were detected by 1 week, but 90% (n = 20) the 
crabs exhibited infections after 8 weeks. The parasite was found in the filamentous trophont 
stage after 2 weeks. It then progressed to the ameboid trophont stage, and then clump colonies 
after 3 weeks. Once the crabs were infected they remained so until either their death or the end of 
the study. One fiddler crab remained infected for 34 weeks post inoculation, which was 
confirmed by neutral red screening. The post-mortem neutral red screening showed a very heavy 
infection with ameboid trophonts. This infection status was qualitative as counts were only taken 
by hemocytometer for the initial inoculations. The experimental groups had 30% and 20% 
mortality, respectively, by week 6. The negative control group (n=10) exhibited 20% mortality 
by week 6. All of the fiddler crabs in the negative control group remained uninfected. Crabs in 
the infected treatment and control groups showed significant mortality over time, but there was 
no difference in their mortality rates (log-rank test, Chi-square = 0.0863, df = 1, Fig. 2.5A).  
Refractometer values for serum protein levels decreased over time in both the 
experimental and control groups in the Progression Studies (Fig. 2.6). The high variation at the 
beginning of the studies reflected a range of 3.0 -12.0+ g/100 mL of protein in the hemolymph in 
all treatments. Over time, refractometer values for hemolymph proteins declined significantly 
(Repeated Measures ANOVA, df = 7, 112, F = 42.696, p<0.001), but there was no difference in 
hemolymph values between treatments (df = 1, 16, F = 0.272, p = 0.609), nor was there 
significant interaction between Time and Treatment (df = 7, 112, F = 1.617, p = 0.138). The 
decline in serum protein values over time was likely due to handling stress from the weekly 
bleedings (Fig. 2.5A).  
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3.5. Minimum Dose Study in Uca minax 
 Two dose-titration studies were undertaken to determine the minimum infectious dose. In 
both replicates, the prevalence increased with higher initial doses of parasite cells and no 
infections occurred at 0 or 100 cells per dose. The minimum dose was approximately 1,000 cells 
per inoculation and the 50% effective dose estimated through a probit analysis was ~5,500 cells 
(s.e. = 1,188). In 2013, 30% and 100% prevalence occurred at doses of 1,000 and 10,000 
parasites respectively. Similarly in 2014, 10% and 80% prevalence occurred at doses of 1,000 
and 10,000 parasites. These data were pooled by dose for further analysis. The mortality rate 
differed significantly between crabs in different treatments compared to the control group (log-
rank test, Chi-square = 0.0001, df  = 3). There was an ~80% difference in mortality between the 
U. minax control group and the exposure group inoculated with 10,000 cells by week 36 (Fig. 
2.5B). During the 2013 study, one lightly infected fiddler crab molted. None of the infected 
fiddler crabs molted in 2014. Water quality parameters were monitored in both years. The water 
temperature ranged from 16-24°C (2013) and 14-28°C (2014). Based on the combined data, the 
salinity ranged from 30-37 psu and the NH3 ranged from 0.25-8.0 ppm. 
 Both replicates had a prevalence of 10% (n=10) in the blue crabs serving as positive 
control groups monitored for 9 weeks, but mortality in the positive control groups was high, with 
60% and 70% mortality by week 6. Both blue crab infections were seen by week 2. The water 
quality for the blue crab control group had NH3 levels of 0.0 - 0.25 ppm. The blue crab controls 
inoculated with H. perezi that screened as negative during scheduled hemolymph smears 
remained negative for H. perezi post mortem. Despite the low prevalence in the positive blue 
crab controls, both the blue crab and fiddler crab groups developed infections demonstrating that 
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the inoculation material remained infectious. It is possible that some of the crabs that died had 
sub-patent infections.  
3.6. Horizontal Transfer among Species 
 Hematodinium perezi was successfully transferred from U. minax back to its natural host, 
C. sapidus. Of the original 8 U. minax exposed, 7 became infected. The fiddler crab used to 
inoculate the 2nd group of fiddler crabs had light infections with ameboid trophonts. In the 2nd 
group, 3 of the 5 fiddler crabs developed infections with motile filamentous and ameboid 
trophonts. Three of the five blue crabs inoculated with infected hemolymph from one of these 
fiddler crabs developed light to moderate infections with motile filamentous and ameboid 
trophonts.  
4. Discussion 
We developed the use of fiddler crabs as a laboratory model for investigating H. perezi 
infections in crabs. The development of model systems for examining pathogens of decapod 
crustaceans has had a range of outcomes. For example, natural infections of Hematodinium sp. 
are not found in the European lobster, Homarus gammarus, and that host is refractory to 
infection by inoculation from donor crabs, Cancer pagurus (Davies and Rowley, 2015). 
Aerococcus viridans var. homari, the causative agent of gaffkaemia in lobsters, can infect but not 
cause disease in inoculated red crabs (Chaceon quinquedens) and snow crabs (Chionoectes 
opilio) possibly because of host factors (Cornick and Stewart, 1975). These hosts can retain low 
level infections over several months that can be re-isolated and remain infectious to lobsters. 
White spot syndrome virus is infectious to a wide range of host species including shrimp (Corbel 
et al., 2001), and is severely pathogenic in several decapods based on its ability to replicate in 
host tissues (Hameed et al., 2003; Bateman et al., 2012). Orchitophrya stellarum, a facultative 
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parasitic scuticociliate of blue crabs, exhibited similar infections in fiddler crabs with respect to 
host survival, and the ease of use of fiddler crabs allowed a comprehensive dose-titration study 
(Miller et al., 2013). Although chemotaxis experiments indicated that the parasite preferentially 
selected blue crab hemolymph over that of fiddler crabs, the parasite caused similar pathology in 
each host. These types of studies delineate the potential host range of a given pathogen and can 
lead to advances in understanding host defenses and susceptibility as well as pathogen virulence 
and transmission pathways.  
In our study Uca minax was used in the majority of the inoculation studies due to its 
larger size, allowing it to be more readily handled and sampled for larger quantities of 
hemolymph. Mortality was higher in the smaller U. pugnax and U. pugilator; and this may be 
due to increased handling stress in the smaller species. All three Uca spp. were susceptible to 
infections and infections followed a similar progression through the life cycle observed in their 
primary host, Callinectes sapidus.  
 Fiddler crabs can serve as a low-cost host alternative for maintaining H. perezi in the lab, 
as they are easily collected in the warmer months and can be kept year round in low maintenance 
aquarium systems. In contrast, blue crabs are typically kept in individual aerated tanks, due to 
their agonistic behavior. They are more expensive to collect, feed, and maintain, and much more 
susceptible to handling stress. In comparison, fiddler crabs can be maintained cost-effectively on 
dry dog food for long periods, can be kept in large groups, tolerate handling stress, and high 
NH3/NH4
+ levels. The fiddler crab husbandry methods were sufficient to maintain carapace 
health, crab longevity, and molting in U. minax. In addition, U. minax is known to prefer areas 
with high organic content and low oxygen content (Whiting and Moshiri, 1974). They are 
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adapted to living in areas of low oxygen tension. This partly explains why they did so well in the 
laboratory environment with unfiltered seawater containing relatively high NH3 content.  
Fiddler crabs are capable of surviving H. perezi infections for long periods of time. In 
one inoculation pilot study with 100% infection (n=17), 29% (5/17) of infected U. minax 
survived for 169 days post inoculation (data not shown). In contrast, in one study, adult blue 
crabs experimentally infected with H. perezi experienced 100% mortality after 55 days (Messick 
and Shields, 2000), and in another study, 86% mortality over 40 days (Shields and Squyars, 
2000). A significant factor that may contribute to crab mortality in infection experiments is 
handling stress from repetitive weekly screenings. Our experiments with fiddler crabs (Fig. 2.5) 
reveal that handling stress may account for significant mortality in crabs infected with H. perezi 
and bled weekly as in Shields and Squyars (2000). The commensurate decline in refractometer 
values for serum proteins in infection experiments may be a good measure of stress in fiddler 
crabs. Even with declining values, crabs in experimental and control groups had good long term 
survival and continued molting several months after the termination of the experiments. Thus, 
fiddler crabs, which are known to be hardy, might be used to address questions which are 
difficult to answer using blue crabs. For example, in the progression studies which involved 
repetitive weekly screenings, U. minax experienced 20-30% mortality over 42 days, much lower 
than that exhibited by blue crabs which was 86% mortality over 40 days (Shields and Squyars, 
2000). In addition, uninfected fiddler crabs can survive long periods of captivity. In comparison, 
uninfected blue crabs when maintained in the lab for several months can experience high 
mortality or deteriorating health (O’Leary, pers. obs.). Uca minax has a higher tolerance for 
repeated screenings than blue crabs, but mortality due to stress was still evident in their survival. 
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When the fiddler control groups were compared at 34 weeks, mortality was 60% higher in the U. 
minax group with weekly screenings compared to that with fewer screenings (Fig. 2.5).  
  Even though three fiddler crab species were shown to successfully propagate H. perezi in 
the laboratory this does not reflect our field observations in the natural population. Habitat and 
behavioral differences between blue crabs and fiddler crabs likely prevent transmission of H. 
perezi to fiddler crabs. Naturally infected fiddler crabs were not found in this study; yet, 
hundreds of fiddler crabs were examined within ~1-2 meters of an area where blue crabs are 
known to harbor infections (O’Leary unpubl. data, chapter 2). Thus, although fiddler crabs are 
susceptible to infections in the laboratory, exposure does not appear to occur in the natural 
population or it occurs at extremely low levels (O’Leary unpubl. data, chapter 3).  
 During collections, fiddler crabs were collected outside of their burrows. Future studies 
are needed to determine if H. perezi infects fiddlers and alters their behavior, causing them to 
spend more time in burrows. If this is the case, then naturally infected fiddler crabs may have 
been missed during the collections. However, there were no lightly infected crabs in the samples, 
nor were there obvious changes in host morbidity in light and moderate infections.  
 A key feature of the study is the ease in which the parasite can be transferred via 
inoculation from blue crabs to fiddler crabs and then back to blue crabs. Hematodinium perezi 
serially inoculated in fiddler crabs, over a period of ~4.5 months, was still infectious to blue 
crabs. Infectivity does not appear to be lost when transferred between species, allowing for the 
parasite to potentially be maintained in the lab and transferred back to blue crabs for other 
experiments. In 2015, U. minax was used to successfully overwinter the parasite in the laboratory 
through semi-monthly serial inoculations (data not shown). This is especially helpful since H. 
perezi in the natural population varies seasonally, with a nadir in the colder months. Based on 
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pilot studies and the current study, U. minax can be used as an excellent alternate method for 
maintaining H. perezi in the lab year round, and thus may be an excellent laboratory model for 
understanding the parasite-host dynamic in blue crabs.  
Acknowledgement 
 We thank Drs. Hamish Small, Ryan Carnegie, Spencer Greenwood, and Kurt Williamson 
for their critical insights. The PCR analysis was performed by Dr. Hamish Small. This is 
contribution # 3588 from VIMS. This work was partly funded by NSF EID Grant: OCE 0723662 
and NOAA NA15NMF4270300 to JDS. 
 
 
Literature Cited 
 
Appleton, P.L. 1996. Investigations on the cytology and life-cycle of the parasitic dinoflagellate 
Hematodinium sp. associated with mortality of Nephrops norvegicus. Division of Environmental 
and Evolutionary Biology, Institute of Biomedical and Life Sciences, University of Glasgow, 
Glasgow, Ph.D. Dissertation.  
 
Bateman, K.S., Tew, I., French, C., Hicks, R.J., Martin, P., Munro, J., and Stentiford, G.D. 2012. 
Susceptibility to infection and pathogenicity of White Spot Disease (WSD) in non-model 
crustacean host taxa from temperate regions. J. Invertebr. Pathol. 110: 340-351. 
 
Bertness, M.D. 1999. The ecology of Atlantic shorelines. Sunderland, Mass.: Sinauer Associates. 
367 pp. 
 
Bourdon, R., and Bowman, T.E. 1970. Western Atlantic species of the parasitic genus Leidya 
(Epicaridea: Bopyridae). P. Biol. Soc. Wash. 36: 409-424. 
 
Bridgman, J.F. 1969. Life cycles of Carneophallus choanophallus n. sp. and C. 
basodactylophallus n. sp. (Trematoda: Microphallidae). Tulane Stud. Zool. Bot. 15: 81-105. 
 
Combes, C. 2001. Parasitism: The ecology and evolution of intimate interactions. University of 
Chicago Press, Chicago, Illinois, 728 pp. 
 
Corbel, V., Zuprizal, Shi, Z., Huang, C., Sumartono, Arcier, J-M., and Bonami, J-R., 2001. 
Experimental infection of European crustaceans with white spot syndrome virus (WSSV). J. Fish 
Dis. 24: 377-382.  
 
37 
 
Cornick, J.W., and Stewart, J.E. 1975. Red crab (Geryon quinquedens) and snow crab 
(Chionoectes opilio) resistance to infection by the lobster pathogen Aerococcus viridans (var.) 
homari. J. Fish. Res. Bd. Can. 32: 702-706. 
 
Davies, C.E., and Rowley A.F. 2015. Are European lobsters (Hamarus gammarus) susceptible to 
infection by a temperate Hematodinium sp.? J. Invertebr. Pathol. 127: 6-10. 
 
Frischer, M.E., Lee, R.F., Sheppard, M.A., Mauer, A., Rambow, F., Neumann, M., Brofft, J.E., 
Wizenmann, T., and Danforth, J.M. 2006. Evidence for a free-living life stage of the blue crab 
parasitic dinoflagellate, Hematodinium sp. Harmful Algae. 5: 548-557. 
 
Hameed, A.S., Balasubramanian, G., Syed Musthaq, S., and Yoganandhan, K. 2003. 
Experimental infection of twenty species of Indian marine crabs with white spot syndrome virus 
(WSSV). Dis. Aquat. Org. 57: 157-161. 
 
Hanif, A.W., Dyson, W.D., Bowers, H.A., Pitula, J.S., Messick, G.A., Jagus, R., and Schott, E.J. 
2013. Variation in spatial temporal incidence of the crustacean pathogen Hematodinium perezi in 
environmental samples from Atlantic Coastal Bays. Aquat. Biosyst. 9: 11.  
Kerwin, J.A. 1971. Distribution of the fiddler crab (Uca minax) in relation to marsh plants within 
a Virginia estuary. Chesapeake Sci. 12: 180-183. 
 
Kuris, A.M., Goddard, J.H.R., Torchin, M.E., Murphy, N., Gurney, R., and Lafferty, K.D. 2007. 
An experimental evaluation of host specificity: The role of encounter and compatibility filters for 
a rhizocephalan parasite of crabs. Int. J. Parasitol. 37: 539-545. 
 
Li, C., Miller, T.L., Small, H.J., and Shields, J.D. 2011. In vitro culture and developmental cycle 
of the parasitic dinoflagellate Hematodinium sp. From the blue crab Callinectes sapidus. 
Parasitology 138: 1924-1934. 
 
Luna, G.L. 1969. Manual of histologic staining methods of the Armed Forces Institute of 
Pathology, 3rd edition. New York: McGraw-Hill. 258 pp.  
 
Messick, G.A. 1994. Hematodinium perezi infections in adult and juvenile blue crabs Callinectes 
sapidus from coastal bays of Maryland and Virginia, USA. Dis. Aquat. Org. 19: 77-82. 
 
Messick, G.A., and Shields, J.D. 2000. Epizootiology of the parasitic dinoflagellate 
Hematodinium sp. In the American blue crab Callinectes sapidus. Dis. Aquat. Org. 43: 139-152. 
 
Miller, K.G., and Maurer, D. 1973. Distribution of the fiddler crabs, Uca pugnax and Uca minax, 
in relation to salinity in Delaware rivers. Chesapeake Sci. 14: 219-221. 
 
Miller, T.L., Small, H.J., Peemoeller, B., Gibbs, D.A., and Shields, J.D. 2013. Experimental 
infections of Orchitophyra stellarum (Scuticociliata) in American blue crabs (Callinectes 
sapidus) and fiddler crabs (Uca minax). J. Invertebr. Pathol. 114: 346-355. 
 
38 
 
Newman, M.W., and Johnson, C.A. 1975. A disease of blue crabs (Callinectes sapidus) caused 
by a parasitic dinoflagellate, Hematodinium sp. J. Parasitol. 61: 554-557. 
 
Nickol, B.B., Heard, R.W., and Smith, N.F. 2002. Acanthocephalans from crabs in the 
southeastern U.S., with the first intermediate hosts known for Arhythmorhynchus frassoni and 
Hexaglandula corynosoma. J. Parasitol. 88: 79-83. 
 
Pagenkopp Lohan, K.M., Reece, K.S., Miller, T.L., Wheeler, K.N., Small, H.J., and Shields, J.D. 
2012. The role of alternate hosts in the ecology and life history of Hematodinium sp., a parasitic 
dinoflagellate of the blue crab (Callinectes sapidus). J. Parasitol. 98: 73-84. 
 
Shields, J.D. 1994. The parasitic dinoflagellates of marine crustaceans. Ann. Rev. Fish Dis. 4: 
241-271. 
 
Shields, J.D., Scanlon, C., and Volety, A. 2003. Aspects of the pathophysiology of blue crabs, 
Callinectes sapidus, infected with the parasitic dinoflagellate Hematodinium perezi. Bull. Mar. 
Sci. 72: 519-535. 
 
Shields, J.D., and Squyars, C.M. 2000. Mortality and hematology of blue crabs, Callinectes 
sapidus, experimentally infected with the parasitic dinoflagellate Hematodinium perezi. Fish. 
Bull. 98: 139-152. 
 
Shields J.D., Sullivan S.E., and Small, H.J. 2015. Overwintering of the parasitic dinoflagellate 
Hematodinium perezi in dredged blue crabs (Callinectes sapidus) from Wachapreague Creek, 
Virginia. J. Invertebr. Pathol. 130: 124-132. 
 
Shields, J.S., Wheeler, K.N., and Moss, J. 2012. Histological assessment of lobsters in the “100 
Lobster” Project. J. Shellfish Res. 31: 439-447. 
 
Smith, N.F., Rulz, G.M., and Reed, S.A. 2007. Habitat and host specificity of trematode 
metacercariae in fiddler crabs from mangrove habitats in Florida. J. Parasitol. 93: 999-1005. 
 
Stentiford, G.D., and Shields, J.D. 2005. A review of the parasitic dinoflagellates Hematodinium 
species and Hematodinium-like infections in marine crustaceans. Dis. Aquat. Org. 66: 47-70. 
 
Teal, J.M. 1958. Distribution of fiddler crabs in Georgia salt marshes. Ecology. 2: 186-193. 
Warner. G.F., 1977. The biology of crabs. New York: Van Nostrand. 78 pp. 
 
Whiting, N.H., and Moshiri, G.A. 1974. Certain organism-substrate relationships affecting the 
distribution of Uca minax (Crustacea: Decapoda). Hydrobiologia. 44: 481-493. 
 
Wong, P.L., Anderson, R.C., and Bartlett, C.M. 1989. Development of Skrjabinoclava inornatae 
(Nematoda: Acuarioidea) in fiddler crabs (Uca spp.) (Crustacea) and western willets 
(Catoptrophorus semipalmatus inornatus) (Aves: Scolopacidae). Can. J. Zool. 67: 2893-2901 
 
39 
 
Wong, P.L., and Anderson, R.C. 1990. Ancyracanthopsis winegardi n.sp. (Nematoda: 
Acuarioidea) from Pluvialis squatarola (Aves: Charadriidae) and Ancyracanthus heardi n. sp. 
Rallus longirostris (Aves: Rallidae), and a review of the genus. Can J. Zool. 68: 1297-1306. 
  
40 
 
Table 1.1 Sample sites and number of Uca spp. collected and screened for natural infections of 
H. perezi. (Summer: Fall) Summer, June 1st – Aug 31st: Fall, Sept 1st – Nov 30th 
 
 Severn River, VA 
~20 psu 
37○18’25.76”N 
76○24’44.31”W 
Oyster Harbor, VA 
~30-35 psu 
37○17’19.18”N 
75○55’23.56”W 
Finney Creek, VA 
~30-32 psu 
37○37’8.61”N 
75○40’22.10”W 
U. minax 122 (110:12)   
U. pugilator 20  (10:10) 90 (70:20)  
U. pugnax 20 (10:10) 278 (149:129) 63 (21:42) 
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Figure 2.1 Severn River, VA Collection Site. Uca minax was found along the majority of the site. Uca pugilator was found 
predominantly on the sandy patch to the left, while Uca pugnax was found to the far right. The arrow indicates the location that could 
be waded across, where Uca pugnax was found in higher densities.  
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Figure 2.2 Finney Creek, VA Collection Site. Uca pugnax was collected on a small marsh island accessible by boat in Finney Creek. 
We frequently deploy baited crab pots in Finney Creek and the nearby area to collect adult blue crabs infected with Hematodinium 
perezi. 
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Figure 2.3 Oyster Harbor, VA Collection Site. Uca pugnax and Uca pugilator were found in large quantities throughout this location. 
The species distribution varied by their habitat preferences.  
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Figure 2.4, 4A and 4B. Hematodinium perezi in the tissues of experimentally infected Uca 
pugnax. A) Section of hepatopancreas with a multi-nucleate clump colony of H. perezi (black 
arrow). B) Heart of infected Uca pugnax with numerous ameboid trophonts of Hematodinium 
perezi (black arrows) exhibiting the typical dinokaryon nuclei. Scale bars = 50 µm. H&E. 
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Figure 2.5, 5A and 5B. Survival analysis (Kaplan Meier) for two different infection experiments 
with Uca minax. A) Survival in the Progression Study showing differences between crabs 
serving as negative controls and crabs inoculated with 10,000 ameboid trophonts of 
Hematodinium perezi. The control group for the Minimum Dose control group is included for 
comparison. Data combined from 2013 and 2014 replicates. (Sample sizes – experimental 
treatment n = 19, control group n = 10). B) Survival in the Minimum Dose Studies. Survival (% 
percentage alive) of Uca minax (n = 20 per treatment) over time in relation to doses of 
Hematodinium perezi of 0, 100, 1,000, and 10,000 parasites. One animal was omitted in the 
10,000 parasite group. Data combined from 2013 and 2014 replicates. Bars = standard errors. 
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Figure 2.6 Mean refractometer values for hemolymph serum proteins in crabs in the Progression Study bled at weekly intervals. Crabs 
in the experimental treatment (n = 20 at start, n = 12 at Week 9) were given 10,000 parasites. Crabs in the control group (n = 10 at 
start, n = 7 at Week 9) were sham-inoculated with support buffer. No serum protein data were collected for time zero and Week 1 in 
the first replicate. Bars = standard errors.  
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Abstract 
 
The parasitic dinoflagellate Hematodinium perezi infects the blue crab, Callinectes 
sapidus, along the eastern seaboard of the USA. Prevalence in natural crab populations shows 
strong seasonality with a nadir during the winter and sharp peaks in the late spring and early fall. 
However, the effect of temperature on the biology of H. perezi has not been well examined. We 
used the fiddler crab, Uca minax, as a model host to follow the establishment and progression of 
nascent infections of H. perezi at four temperatures (7○C, 15○C, 20○C, and 25○C) over time. 
Crabs held at 7○C experienced high mortality in control and exposed treatments. Infections were 
observed in weeks 6 to 12 in the 15○C treatments, but they appeared as early as 2-weeks post 
inoculation at 20○C and 25○C. Filamentous trophonts, indicative of early infections, were 
observed later in the 15○C and 20○C treatments than in the 25○C treatment. Our studies showed 
that infections with H. perezi progressed more quickly at higher temperatures and that fewer 
infections became established ≤ 15○C. We subsequently tested the progression of nascent 
infections across a finer temperature scale (15○C, 17○C, 19○C, 20○C). Infections were seen by 
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Week 2 in the 19°C treatment and was delayed until Week 4 in the 17°C treatment. We then 
tested the effect of temperature on established, or patent, infections in a new cohort of fiddler 
crabs held at four different temperatures (10○C, 15○C, 20○C, 30○C). At 10○C the infections 
persisted in fiddler crabs; however, at 30○C the parasite digressed to the filamentous trophont 
stage and then infections were subsequently lost. Our prior studies show that H. perezi infections 
are absent in natural populations of fiddler crabs. Because few infections established at ≤15○C in 
the laboratory, the ambient spring temperatures in the marsh likely act to suppress new infections 
in fiddler crabs. More importantly, given that infections are lost at 30○C in the laboratory, the 
elevated summer and early fall temperatures in the marsh may act as an abiotic barrier to the 
establishment and progression of H. perezi within natural populations of fiddler crabs. 
1. Introduction 
 Temperature can alter the proliferation of parasites and pathogens in many commercially 
important marine species. Several examples are known in host-pathogen systems with lobsters 
and crabs. For example, elevated temperatures (20○C) are known to affect the severity of 
epizootic shell disease in the American lobster, Homarus americanus (Glenn and Pugh, 2006). 
Higher temperatures (≥10 ○C) also cause rapid mortality in lobsters infected with Aerococcus 
viridans var. homari, the causative agent of gaffkemia (Stewart et al., 1969). Although lobsters 
find refuge from A. viridans at low temperatures (≤7○C), they are susceptible to a scuticociliate, 
Anophryoides haemophila, during typical winter temperatures (<5○C) (Cawthorn, 1997). For 
blue crabs, Callinectes sapidus, colder temperatures (10○C) favor opportunistic infections of the 
scuticociliate Orchitophrya stellarum (Small et al., 2013, Miller et al., 2013). In shrimp and 
crayfish, high (32○C) and low (12-15○C) water temperatures inhibit pathogenicity of white spot 
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syndrome virus thereby allowing infected individuals to survive (Vidal et al., 2001; Guan et al., 
2003; Jiravanichpaisal et al., 2004; Granja et al., 2006). 
Hematodinium perezi is a parasitic dinoflagellate that is an important parasite of blue 
crabs. As with the examples listed above, the life cycle and progression of this parasite in blue 
crabs are influenced by low and high temperatures. Low temperatures, in particular, have been 
shown to limit its progression (Messick et al., 1999; Shields et al., 2015; Huchin-Mian et al., 
2017). Infected juvenile blue crabs have been monitored from 4 - 30○C, and the optimal 
temperature for H. perezi growth was 25○C (Huchin-Mian et al., 2018). The progression of 
infections of H. perezi varies by latitude, as southern locations stay warmer longer. In Virginia, 
H. perezi infections in blue crabs reach their seasonal peak in prevalence in the fall, whereas in 
Florida infections appear to peak in the winter (Messick and Shields, 2000; Gandy et al., 2015). 
During mild winters, blue crabs can overwinter with H. perezi infections (Shields et al., 2015). 
When infected hibernating blue crabs were brought to 15○C, their infections rapidly progressed 
from light and moderate infections to heavy infections. Increasing temperature has also been 
linked to outbreaks of Hematodinium sp. in the snow crab, Chionoectes opilio, where a one-
degree change in temperature was correlated to a five-fold increase in prevalence (Shields et al., 
2007).  
Hematodinium perezi is a host generalist, however the life cycle progression in alternate 
and spill-over hosts has not been well evaluated. Due to their ease of maintenance, handling, and 
hardiness, we have developed fiddler crabs (Uca spp.) as a model system for investigating 
infections of H. perezi in an alternate host (O’Leary and Shields, 2016). Hematodinium perezi 
progresses in fiddler crabs through its normal life history stages as it does in the natural blue crab 
host. These stages include filamentous trophonts, ameboid trophonts and clump colonies. Uca 
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minax can survive infections for several months, allowing for laboratory studies on a longer time 
scale than in blue crabs. In the past, we have used fiddler crabs to estimate the minimum dose of 
infection, to examine the effect of handling stress, to identify microhabitat barriers to 
transmission, for serial inoculations in fiddler crabs, and for infection studies from fiddler crab 
hosts back into blue crab hosts (O’Leary and Shields, 2016; O’Leary, chapter 3). Uca minax, U. 
pugnax, and U. pugilator can all become infected by H. perezi through experimental inoculation 
(O’Leary and Shields, 2016).  
Considering the wide-ranging temperature tolerance of fiddler crabs, their susceptibly to 
H. perezi, and ease of housing, we undertook a series of temperature studies to investigate the 
effect of temperature on the progression of infection with H. perezi. However, before 
investigating the temperature range of the parasite it is important to understand the temperature 
limitations of the fiddler crabs host. The temperature preferences of fiddler crab species are well 
documented, which in addition to their hardiness makes them ideal for temperature experiments 
with pathogens. Like all crustaceans, fiddler crabs have an optimal temperature range. For 
example, U. pugilator prefers warm sediment ranging from 19 - 30○C over cooler sediments of 
15 - 17○C (Windsor et al., 2005). Upper and lower limits for their survival have been determined 
in the laboratory. The upper lethal temperature limit for Uca pugilator is 39.5 - 40.7○C (Teal, 
1958; Wilkens and Fingerman, 1965). In their natural environment, the fiddler crabs return to 
their burrows to escape high temperatures and lower their body temperature. The lethal 
temperature limit for Uca pugnax is 40.0○C and for Uca minax, 39.9○C (Teal, 1958). Fiddler 
crabs are also affected by lower temperatures. Uca pugnax, can survive for at least two weeks 
with low mortality at 7○C (Vernberg and Tashian, 1959). Another study observed behavioral 
changes of Uca pugilator during a cold period in southern Florida, where the fiddler crabs 
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retreated into their burrows several feet below the surface so as to avoid colder environmental 
temperatures (Smith and Miller, 1973). In an area where the fiddler crabs were unable to burrow 
during the cold weather event, several were found dead. Low or high temperature extremes can 
cause mortality in Uca spp., therefore the temperatures (7 - 30○C) chosen for our H. perezi 
experiments were within the known temperature range of the host. 
Our objective was to examine the influence of temperature on parasite progression and 
survival in fiddler crabs infected with H. perezi. We conducted a series of experiments using a 
range of temperatures to determine the effect of temperature on the establishment and progression 
of infections of H. perezi in U. minax. We monitored parasite establishment, life history stage, and 
density as well as host survival and infection status at different temperatures over time.  
2. Materials and Methods 
 
2.1 Infected donors 
 For experiments on the effect of temperature on the ability of nascent infections to 
become established, the parasite was either acquired from naturally infected donor blue crabs or 
maintained and passaged in donor fiddler crabs prior to its inoculation into experimental fiddler 
crabs. Nascent infections refer to crabs inoculated, placed directly at their respective 
temperatures, and screened to determine when infections are diagnosable by hemolymph smear. 
In August, 2015, a blue crab with a light infection of filamentous trophonts collected from 
Nicawampus Creek (37○ 37’19.09”, N 75○40’ 32.39” W) in Wachapreague, VA, was used as a 
donor to inoculate 10 Uca minax (0.2 mL raw hemolymph/crab). The parasite was maintained 
via serial inoculation in fiddler crabs (U. minax) for approximately 9 months prior to the first 
temperature experiment. To prepare the inoculum, 0.2 mL of raw hemolymph was added to 0.8 
mL of MAM (Modified Appleton Media) using the formulation in Li et al. (2011), but without 
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the addition of streptomycin and penicillin. For inoculation into recipients, raw infected 
hemolymph was collected by syringe and ~1.0 mL was placed in 10 mL of MAM per flask and 
processed according to O’Leary and Shields (2016). The inoculum was refrigerated at 5○C 
overnight prior to use. Parasite cells retained their viability when refrigerated overnight as 
observed via the uptake of neutral red and their ability to infect recipients.  
 For the Nascent Infection Experiment (15°C, 17°C, 19°C, 20°C), a single infected blue 
crab provided ample material to inoculate 100 U. minax with a dose of 10,000 parasite cells each 
(ameboid trophonts and clump colonies). This was the second replicate for both the 15°C and 
20°C treatments. Inoculum from this crab was also refrigerated overnight, tested for viability, 
and used to inoculate an additional 150 fiddler crabs with the same dose for a Patent 
Temperature Experiment. The Patent Temperature Experiment refers to crabs that were 
inoculated and held until the infections were diagnosable by hemolymph smear, and then placed 
into their respective temperature treatments. Fiddler crabs were held communally in a trough (2.4 
m × 1.1 m) at ambient temperature (mean 18.7○C, range 16.1 – 23.2 ○C). After  ~ 8 weeks, 72 of 
these crabs were diagnosed as infected and they were then placed at 4 different temperatures for 
the Patent Infection Experiment (n = 18 crabs/treatment). A separate blue crab donor was used to 
inoculate an additional sixteen fiddler crabs within 24 hours of the other inoculations. They were 
placed directly at 15○C and sacrificed periodically for histological examination. 
2.2 Naïve fiddler crabs for experimental trials 
 
 For the temperature experiments, fiddler crabs (U. minax) were collected by hand near 
Kings Creek on the Severn River, VA (37○18’25.76”N 76○24’44.31”W), a subestuary of 
Chesapeake Bay. Hematodinium perezi does not occur in this population of Uca minax, nor has 
it been observed in blue crabs at this location (O’Leary and Shields, 2016). To minimize possible 
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sexual effects on parasitic infection all fiddler crabs were adult males. Larger fiddler crabs were 
preferentially used, because they were easier to handle and bleed. Fiddler crabs were not pre-
screened for infections, because the site is not endemic for the parasite, and because we were 
using control groups that were all negative for infections. This also reduced handling stress from 
hemolymph collection. A subset of the fiddler crabs was measured with calipers and weighed (n 
= 215). 
2.3 Temperature experiments 
 The initial experiments examined the effect of temperature on the ability of nascent 
infections to become established. Crabs were inoculated with H. perezi and immediately held in 
different temperature treatments. In the first Nascent Infection Experiment, crabs were held at 
7○C, 15○C, and 25○C, whereas in the second Nascent Infection Experiment, crabs were held at 
7○C and 20○C, and in the third Nascent Experiment crabs were held at 15○C, 17○C, 19○C, and 
20○C. The 20○C treatment (replicate 1) had unusually high mortality (40%) due to handling 
stress in the first 5 days due to bacteria from the donor and was therefore repeated. Each 
temperature treatment had an experimental group (n = 25) and a control group (n = 15). An 
additional control group (n = 15) was held at 7○C (2nd Nascent Infection Experiment) to control 
for mortality based on temperature exposure alone; i.e., no handling stress from hemolymph 
collection. Treatments in the 3rd Nascent Infection experiment had sample sizes of 25 and 
included one control group at 20○C that was designed solely to monitor for mortality (n = 10). To 
reduce low temperature shock, crabs in the 7○C groups were transferred from the 15○C incubator, 
then 10○C for 1 hr, and then to 7○C. 
The final experiment examined the effect of temperature on established, or patent, 
infections. Crabs in the Patent Infection Experiment were inoculated, held for ~8 weeks to 
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establish infections (17.5°C ± 0.69 SD, Table 2.2), and then subsequently held at 10○C, 15○C, 
20○C, and 30○C. Crabs were screened immediately prior to the start of the experiment and again 
at Weeks 2, 4, and 6. With the exception of the controls, all of the crabs in this experiment were 
infected, displaying active ameboid trophonts and clump colonies. Crabs serving as controls 
were inoculated with 100 µl of a mixture of Modified Appleton and Vickerman medium (MAM) 
and U. minax hemolymph that was negative for H. perezi. For the control inocula, 1.5 mL of raw 
hemolymph was added to 5 mL of MAM, which was then treated with the same methods as the 
experimental inocula. A control group for the third Nascent Experiment and Patent Experiment 
used MAM without hemolymph.  
2.4 Fiddler crab screening and parasite diagnostics 
 To gauge infection status the hemolymph of the fiddler crabs was screened using light 
microscopy at Weeks 2, 4, 6, and 8, unless otherwise noted. Crabs in the first 15○C treatment 
were screened again at Weeks 12 and 16. Due to the time required for screenings, the crabs were 
evaluated over a period of two to three days. Several drops of hemolymph were collected from 
the hemal sinus at the base of the 5th walking leg to assess serum protein levels with a veterinary 
serum refractometer as in O’Leary and Shields (2016). To prepare the hemolymph for cell 
counts, 0.1 mL of hemolymph was added to 0.1 mL MAM with 3 drops (21 µl) of 0.3% (w/v) 
neutral red dye. The solution was gently shaken to prevent clotting. Hemocytometer counts were 
taken in triplicate at week 0 and in duplicate for all subsequent counts in the Nascent Infections 
experiments and in duplicate for the Patent Infection experiment. A subset of 10 experimental 
and 6 control animals per treatment had cell counts taken at each time point thereafter. Crabs 
were randomly selected for hemocyte and parasite cell counts using the MS Excel randbetween 
function. All crabs, regardless if they were chosen for cell counts, were screened and had serum 
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protein levels taken at each time point. Qualitative estimates of light (100 or less), moderate 
(1,000+), and heavy (10,000+) infections were used based on the estimated amount of parasite 
cells under the entire coverslip (Fisherbrand® Microscope Cover Glass, Fisher Scientific, 22 × 
22 mm – 2). These estimates were done for all crabs and were not used or intended for statistical 
analysis. Only hemocytometer counts from the subset of crabs were used for statistical analysis. 
2.5 Fiddler Crab Maintenance 
 
 Fiddler crabs were maintained in plastic food storage containers (Fig. 3.1, 10.16 cm 
width x 6.35 cm height). Two 3-mm holes, 2.5 cm apart, were drilled on opposite sides of the 
containers for air exchange. Dry sand (50 mL) and artificial sea water at 30 psu (100 mL) were 
added to each container. Water changes (100%) were carried out each week. A subset of 
containers was tested for salinity twice per week and water quality (pH, NH3/NH4
+, NO2
-, and 
NO3
-) was checked once per week. Containers were randomly selected for water quality 
measurements using Excel. Fiddler crabs were fed one piece of dog kibble (Pedigree® Small 
Breed) twice per week. Crab containers were kept in the dark in incubators at their respective 
temperatures. The temperatures were monitored daily using glass thermometers and HOBO 
pendants (HOBO onset). The HOBO pendant logger recorded the temperature once per hour. 
Crabs were checked daily for molting and mortality. It was difficult to discern if crabs were 
dead, moribund, or hibernating in the 7○C treatments; therefore, in the second replicate the crabs 
were retained after motility ceased to determine if they were dead. For all temperature 
treatments, any crab mortality that occurred between days zero to five was considered a handling 
artifact and not included in the statistical or graphical analysis.  
2.6 Histology and PCR 
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 For the first and third Nascent Infection Experiments, tissue samples (gills, epidermis, 
hepatopancreas, heart) from crabs held at 15○C were fixed in Bouin’s solution and processed for 
H&E paraffin histology as in O’Leary and Shields (2016). For molecular diagnosis, 16 
experimental and 10 control samples were tested for H. perezi by a PCR assay targeting the ITS1 
region as in Pagenkopp Lohan et al. (2012) using gill and epidermis tissue. The 30○C treatment 
was also evaluated by H&E staining and processed for PCR (n = 10). All tissue samples for PCR 
were stored in 95% ethanol prior to testing and the DNA extractions followed the Qiagen tissue 
and blood kit protocol.  
2.7 Statistical analysis 
 For the Nascent Infection Experiments, mean parasite and host cell densities were 
compared by week within treatment using 2-way ANOVA. Because of the high variability, 
parasite densities (number per milliliter) were log10 transformed for statistical comparisons. All 
F-values are based on an α of 0.05. Because densities were either zero or low, 7○C, 15○C, and 
30○C treatments were not evaluated by ANOVA. The serum protein values were evaluated by 
the 2-way repeated measures ANOVA across the 15○C (replicate 1), 20○C (replicate 1), and 
25○C experimental treatments, and their control treatments (Systat 11). The experimental 
treatments were not separated by infection status for the analysis of the serum protein levels, 
both exposed and infected crabs were included. Mortality at the end of the experiment was 
compared using the Pearson’s Chi-square test between the Nascent 20○C (replicate 2) and 20○C 
Control (replicate 1), as well as between the Patent treatments for 20○C and 10○C, 15○C and 
20○C, 20○C and 30○C, and 10○C and 15○C. Pearson’s Chi-square analysis was also used to 
evaluate if the number of crabs that became infected varied between the Nascent temperature 
treatments 15○C (replicate 2) and 17○C, 17○C and 19○C, 19○C and 20○C (replicate 2). All data 
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was analyzed for normality and unequal variance. The data was not pooled for analysis and was 
evaluated separately for replicated treatments. JMP 4 was used for statistical analysis, unless 
otherwise stated. 
3. Results 
 
3.1 General considerations 
 Carapace widths measured on a subset of crabs ranged from 21.7 mm to 31.3 mm. 
Individual wet weights ranged from 4.97 g to 14.5 g. No fiddler crabs molted during the 
experiments.  
 Mean levels for hemolymph serum proteins decreased over time regardless of 
temperature treatment based on the 2016 treatments (Table 2.1). Serum protein levels tended to 
drop in the treatments over time. However, no statistical difference was seen among treatments 
(2-way repeated measures ANOVA, F1,92 = 1.23, p = 0.271). There was a significant association 
when the serum protein data was evaluated by temperature (2-way repeated measures ANOVA, 
F2,92 = 5.57, p = 0.005).  
 Salinity and water quality data during the experiment were within normal limits (Table 2.2). 
Ammonia and nitrate were frequently elevated but the crabs tolerated these levels as shown 
previously (O’Leary and Shields, 2016). For example, a negative control group at 25○C had 0% 
mortality for over 3 months. 
 High crab mortality occurred in all of the 7○C treatments. In the first replicate, there was 
100% survival for the first 14 days, but only 2 controls and 2 experimental fiddler crabs were 
alive when the experiment ended prematurely at Day 25. For the second replicate, the fiddler 
crabs were observed for 39 days to ensure that the crabs were dead and not in a state of torpor. 
During that time period, all of the animals died. Observations that the abdominal apron on 
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several of the crabs had opened indicated the crabs had lost muscle tonicity and died. We did not 
observe H. perezi infections in any of the fiddler crabs for either replicate of the 7○C treatments. 
For the second replicate, the additional control group that was not inoculated appeared moribund 
within the first two weeks and had 100% mortality by day 30.  
3.4 Nascent Infection Experiment 
3.4.1 Establishment of infections 
Temperature had a profound effect on the establishment of infections in the Nascent 
Infections Experiments (Fig. 3.2). None of the crabs held at 7○C had diagnosable infections 
during the course of the experiment. Only one crab became infected in the first 15○C treatment; it 
was diagnosed at 84 and 112 days. In the 17○C treatment, crabs obtained infections by Day 28 
and the crabs in the 19○C treatment obtained infections by Day 14. In the 17○C and 19○C 
treatments, 68% and 71% of the crabs became infected by Day 56, respectively. By 14 days, 
16% and 54% of the experimentally infected crabs were infected in the 20○C treatments and 48% 
of the experimentally infected crabs in the 25○C treatment became infected. Approximately 50% 
of the crabs were infected in the 20○C (replicate 1) and 72% in the 25○C treatment after 56 days.  
However, two lightly infected crabs in the 25○C appeared to lose infections by hemolymph 
smear by 42 days. Thus, the total percent infected for that treatment dropped to 64%. In the 2nd 
20○C replicate, 67% of the crabs had infections at 56 days. Crabs serving as controls were 
negative for H. perezi for all temperature treatments. When the mean parasite densities were 
evaluated by 2-way ANOVA, no difference was seen between the 17○C and 19○C treatment (F5, 
29 = 2.55, p = 0.887) or the 20
○C (replicate 2) and 25○C treatment (F5, 28 = 2.56, p = 0.151). The 
mean parasite densities of the 19○C and 20○C (replicate 2) treatments were significantly different 
from each other (F5, 26 = 2.59, p = 0.045); however, when the parasite densities were compared 
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among all temperatures (17○C, 19○C, 20○C, 25○C) there was no statistical difference (2-way 
ANOVA, F11, 57 = 1.95, p = 0.093). When the temperature treatments were compared by the 
number of crabs that obtained infections by week 8, statistically more crabs in the 17○C 
treatment became infected than in the 15○C treatment (Pearson’s Chi-square, df = 1, p = 0.0001). 
There was no difference between the 17○C and 19○C treatments (Pearson’s Chi-square, df = 1, p 
= 0.83) or the 19○C and 20○C treatments (Pearson’s Chi-square, df = 1, p = 0.756). The 
infections in the 20○C treatment were compared to the 25○C treatment both with and without the 
two crabs that appeared to lose their infections. There was no statistical difference between these 
two treatments either with the lost infections (72% total infected, Pearson’s Chi-square, df = 1, p 
= 0.686) or without them (64% total infected, Pearson’s Chi-square, df = 1, p = 0.845).  
3.4.2 Patterns in parasite densities and life history stages 
Parasite density was affected by temperature in the Nascent Infection Experiments (Fig. 
3.3). Density increased over time and in relation to temperature. For the first 15○C treatment, the 
sole infected crab at Day 84 had a light to moderate ameboid trophont infection with non-motile 
filamentous trophonts. No additional infections were found for the screenings at 112 days and 
the infected crab had progressed to a moderate ameboid trophont infection with clump colonies. 
In the second replicate of the 15○C treatment, infections were seen by 42 days and 56 days 
(10.3% and 20.5%), but were below levels quantifiable with a hemocytometer for both periods. 
For both of the 20○C replicates, after 14 days, motile and non-motile filamentous trophonts 
indicative of early infections were present in infected crabs, whereas ameboid trophonts were 
absent. Although filamentous trophonts were present, their densities were below the threshold for 
accurate estimates of density. Only 1-3 filamentous trophonts were viewed per slide. Non-motile 
filamentous trophont stages were observed in several crabs by 28 days. For the 25○C treatment 
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by Day 14, the only life stages observed were motile or non-motile filamentous trophonts. This 
stage was not observed again after the screenings on Day 14. By 28 days, the infections consisted 
of moderate and heavy densities containing ameboid trophonts and clump colonies. 
3.4.3 Patterns in host hemocyte densities 
 The host cell counts in the Nascent Infection experiments were highly variable as 
indicated by the standard error of the mean (Fig. 3.3). The cell counts mostly trended upward 
overtime for 17○C, 19○C, and 20○C (replicate 2). However, the cell counts trended downward for 
the 20○C control group (replicate 1) and also trended downward for the 17○C in week 8. There 
were no differences between mean hemocyte densities of crabs in the Nascent 19○C and 20○C 
(replicate 2) treatments (2-way ANOVA, F5, 29 = 2.55, p =0.14) or between the 20
○C (replicate 2) 
and 20○C (replicate 1) control (F5, 23 = 2.64, p = 0.368). A statistical difference was observed 
between the 17○C and 19○C treatment groups (F5, 53 = 2.37, p < 0.0001); however, no consistent 
pattern was seen (Fig. 3.4). A statistical difference was also seen when the treatments (17○C, 
19○C, 20○C) were compared simultaneously (F8,49 = 2.10, p < 0.0001). 
3.4.4 Host mortality in relation to infection 
Temperature and parasitic infection had different effects on host survival in the 
experimental treatments (Fig. 3.5). Regardless of infection status, crabs held at 7○C had poor 
survival. Survival was initially high, 100% over the first two weeks, but thereafter it plummeted. 
The control group for the first replicate had 87% mortality by day 25 when the experiment was 
ended. Comparing all four temperature treatments at Day 63 (Week 9), host mortality was lowest 
for the 15○C treatment (16%, replicate 1) and increased at 20○C (33%, replicate 1) and 25○C 
(29%). Replicate 1 of the 20○C treatment had unusually high handling stress related mortality in 
the first 5 days (40%) due to bacteria and is presented herein only to support the findings of the 
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second 20○C treatment. Mortality between the control and experimental groups was similar in 
the 15○C treatment (replicate 1), with 47 and 52% mortality, respectively, by 56 days post 
inoculation (Fig. 3.5 and 3.6). The second replicate at 15○C had much lower mortality by 56 days 
(16%, n= 25). Interestingly, when the 20○C experimental group (replicate 2) and the 20○C 
control (replicate 1) were compared for mortality there was no statistical difference (Pearson’s 
Chi-square test, df = 1, p = 0.423) with both groups having low mortality, 4% and 0% 
respectively by 56 days.  
3.4.5 Histology and PCR 
Histologically, fiddler crabs infected by H. perezi showed little pathology. Parasites were 
present in the hemolymph and hemal sinuses. Of the 17 experimentally infected fiddler crabs 
examined histologically in the 15○C treatment, one crab was infected with clump colonies of H. 
perezi. When the crab was sacrificed it had a light ameboid trophont infection in direct 
observation. Histologically these presented as large, rounded cells in the hemolymph and hemal 
sinuses of the crab. The parasite cells were distributed throughout the hemal sinuses and vessels, 
including those in the epidermis, hepatopancreas, gills, muscles and nerves. The tissues from the 
other 16 fiddler crabs from this treatment were uninfected. The infected crab was additionally 
diagnosed as positive by the presence of an intense PCR band using DNA extracted from the gill 
and epidermis tissue. Three other crabs were negative by hemolymph smears but showed faint 
positive PCR bands possibly indicative of very light infections. Of the 10 control fiddler crabs 
examined histologically in the 15○C treatment, none of the tissues (gill, epidermis, 
hepatopancreas, heart) were positive for H. perezi. 
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3.5 Patent Infection Experiment 
3.5.1 Patterns in parasite densities and life history stages 
Temperature also had a marked effect on the development and progression of infections 
in crabs in the Patent Infection Experiment (Fig. 3.7). At the start of the experiment a subset of 
the fiddler crabs had an average of 6.63 × 104 ameboid trophonts per mL. The average number 
of ameboid trophonts increased to 2.76 × 105 (10○C), 2.54 × 105 (15○C), and 2.81 × 106 (20○C) 
respectively by week 6. Notably, crabs in the 30○C treatment had marked changes in the density 
and prevalence of parasites in their hemolymph over time, with no visible ameboid trophonts by 
week 6. Several of these crabs apparently lost their infections, with 24% of them uninfected by 
Day 14, 41% by Day 28, and 76% by Day 42 (n = 17). Only 1 crab infected with the filamentous 
trophont stage remained by Day 42 at 30○C. Loss of infection was not seen in the other 
temperature treatments. There were infections that appeared to be lost in the Nascent Infection 
Experiment, however that was reported only from hemolymph smears and those individual crabs 
were not evaluated by PCR and histology. Filamentous trophonts were consistently observed in 
crabs from the 30○C treatment for Days 14, 28, and 42. Overall the infections consisted of very 
light filamentous trophont densities in the 30○C treatment, with few if any ameboid trophonts. 
Clump colonies were absent for all screenings in this treatment after time zero. In comparison, 
filamentous trophonts were rarely observed in the other treatments: one crab in the 15○C and one 
crab in the 20○C treatments at Day 42 possessed filamentous trophonts. Otherwise, infections in 
crabs in the other treatments consisted of ameboid trophont and clump colony stages.  
When the mean parasite counts were tested by 2-way ANOVA no difference was seen 
comparing the 10○C and 15○C counts F5, 52 = 2.37, p =0.839. A statistical difference was seen 
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comparing the 15○C and 20○C mean counts. When the treatments were compared simultaneously 
(10○C, 15○C, 20○C) the results were also significant (F8, 79 = 2.02, p < 0.0001).  
3.5.2 Patterns in host hemocyte densities 
Mean host cells counts were highly variable (Fig. 3.8). Mean host cell densities were 
evaluated by 2-way ANOVA. Hemocyte densities in the 20○C and 30○C treatments were 
statistically different when compared across all time points (df= 5, p = 0.018). The 30○C 
treatment had higher counts than 20○C for screenings at Day 14 and 28. No differences were 
seen in hemocyte densities between 10○C and 15○C (F5, 53 = 2.37, p = 0.389) or 15
○C and 20○C 
(F5, 53 = 2.37, p =0.29). When the treatments were compared simultaneously (10
○C, 15○C, 20○C, 
30○C) were not significant (F11, 106 = 1.87, p = 0.057). 
3.5.3 Host mortality in relation to infection 
 Crabs in these treatments were inoculated 3+ months prior and the percentage mortality 
at the end of the experiment was 44% (10○C), 41% (15○C), 11% (20○C), 29% (30○C) 
respectively (Fig. 3.9). The few crabs that died from handling stress by Day 5 (1 or 0 per 
treatment) were excluded from the analyses. Mortality was statistically higher in the 10○C 
treatment than in the 20○C treatment (Pearson’s Chi-square, df = 1, p = 0.026) and mortality was 
also higher in the 15○C treatment than in the 20○C (Pearson’s Chi-square, df = 1, p = 0.042). No 
difference was seen between 20○C and 30○C (Pearson’s Chi-square, df = 1, p = 0.176) or 10○C 
and 15○C (Pearson’s Chi-square, df = 1, p = 0.845). Crabs serving as controls for the patent 
temperature experiments were only held at one temperature (20○C) and had 20% mortality (n = 
10). 
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3.5.4 Histology and PCR   
In the Patent Infection Experiment, all of the crabs in the 30○C treatment were examined 
by histology for gill, hepatopancreas, heart, and dermal tissue. Hematodinium perezi was absent 
in all tissues types at the end of the experiment, demonstrating the loss of the infections. This 
was further supported by the PCR, which showed that 4 crabs were PCR negative and had lost 
their infections. The other six crabs were strongly positive by PCR for the epidermal tissue, but 
negative by histology and hemolymph smears. When gill tissues were taken for PCR from the 
same crabs, 2 were strongly positive by PCR, 2 were faintly positive and 2 that were positive by 
epidermal tissue were negative based on their gill samples.   
Discussion 
Our study highlighted the relationship between temperature and the establishment of 
nascent and patent infections in fiddler crabs experimentally infected with H. perezi. We found 
that at higher temperatures (20 - 25○C), Hematodinium perezi infections become patent within 
two weeks and resulted in high density infections within four to eight weeks. This matches with 
studies using naturally and experimentally-infected blue crabs. For example, Shields and Squyars 
(2000) found that 30-35% of infections were patent after 2 weeks at room temperature (20-
21○C), whereas 100% of infections were patent after 35 days. In our study disease progression 
accelerated from 20○C to 25○C as indicated by high density infections and increasing host 
mortality and this was recently shown for naturally infected blue crabs (Huchin-Mian et al. 
2018). Lower temperature (15○C) retarded the establishment of infections and slowed the 
developmental progression of the parasite for a minimum of 1.5 months post exposure.  
Temperature had a marked influence on the establishment and progression of H. perezi 
infections and on the survival of experimentally infected and uninfected fiddler crabs. 
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Temperature is known to affect host susceptibility in several crustaceans. The transmission and 
establishment of infections presumably occurs through changes in host susceptibility, changes in 
metabolic rate of crustacean hosts, and changes in growth rates and virulence in their parasites in 
relation to temperature. Examples in American lobsters include gaffkemia, epizootic shell 
disease, and bumper car disease (Stewart et. al, 1969; Glenn and Pugh, 2006; Cawthorn, 1997), 
and examples in blue crabs include ciliates and H. perezi infections (Messick, 1998; Small et al., 
2013; Miller et al., 2013). These pathogens share the commonality that they are microparasites 
capable of rapid proliferation in relation to changes in temperature. However, some show 
increased growth, virulence and transmission with increasing temperatures, others show the 
reverse pattern with enhanced pathogenicity with decreasing temperatures. This highlights the 
need to test pathogens across a wide range of temperatures.  
Several studies have evaluated the interactions of temperature and progression of H. 
perezi in the blue crab, C. sapidus. Messick and Shields (2000) reported 100% mortality after 55 
days in inoculated blue crabs held at 20○C. Shields and Squyars (2000) maintained inoculated 
blue crabs at a constant temperature (20 - 21○C), where approximately 30% were infected after 
14 days, 60% after 21 days, and 100% after 35 days. Messick et al. (1999) found mean intensity 
of infection subsided below 9○C, but temperature was uncontrolled and subject to natural 
fluctuations. In another study, light and moderate infections were found during the winter 
months and they rapidly proliferated when the naturally infected blue crabs were brought to the 
lab and maintained at 15○C (Shields et al. 2015). This is supported by a study of H. perezi in 
Florida, where the parasite proliferated at ≥15○C (Gandy et al., 2015). Li et al. (2011) evaluated 
the growth of H. perezi in culture at 10, 15, and 23○C and found that H. perezi did not attach to 
the culture flask and grow at 10○C as it would at 23○C, and growth was slow at 15○C. The results 
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of Huchin-Mian et al. (2018), support our findings that the progression of H. perezi is 
temperature dependent. For example, as in Huchin-Mian et al. (2018) our highest parasite cells 
counts were also at 25○C. 
Some of our results were unexpected, for example the high mortality of fiddler crabs in 
our 7○C treatment. The congener Uca pugnax can survive for at least 14 days with low mortality 
at 7○C (Vernberg and Tashian, 1959). At 7○C, we also observed 0% mortality in our first 
replicate for the first 14 days; however, crab health quickly deteriorated in the experimental and 
control groups. Although fiddler crabs in our 7○C treatment died due to the cold-related stress, 
we determined that they did not develop patent infections within the first 14 days at that 
temperature. Based on the results of Messick et al. (1999) and our 15○C treatment, we would not 
expect to see growth in our 7○C treatment until at least 1.5 months, if at all. It is also possible 
that at 7○C the parasite may be arrested in growth and eventually overwhelmed by the host 
defensive response. The lack of growth in in vitro cultures held at 10○C support this possibility 
(Li et al., 2011). That is, low temperatures likely protect blue crabs and other hosts from the 
parasite, either killing it or inhibiting proliferation as observed in Huchin-Mian et al. (2018) at 
4○C. The similarity in mortality between the control and experimental groups indicate the 
observed mortality was likely due to poor acclimatization to the temperature tolerance of the 
host. The containers did not allow for normal protective behaviors such as burrowing seen in 
Smith and Miller (1973) that would allow them to find subterranean refuge from the colder 
temperatures.  
The lowest temperature at which infections became established in our experiment was at 
15○C, where 4% and 20.5% became infected. This temperature apparently affected the ability of 
the parasite to establish an infection, because of inhibition of growth or temperature-dependent 
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differences in host immune defenses. Although the parasite has been observed undergoing rapid 
growth at 15○C (Shields et al., 2015), that was in blue crabs with existing infections roused from 
hibernation during a mild winter period. That is, the infections had likely acclimated to the 
temperature over time, and when brought up to a significantly warmer temperature, the parasites 
underwent a logarithmic growth phase. In our Nascent Infection Experiment, 15○C is an activity 
level threshold at which infections began to occur. Our Patent Infection Experiment showed that 
crabs with pre-existing infections maintain relatively constant parasite densities through time at 
10○C and 15○C.  
Surprisingly, many infections of H. perezi were lost when fiddler crabs were maintained 
at 30○C (Fig. 3.7). This was confirmed by all three diagnostic methods: hemolymph smears, 
histology, and PCR. Here we define the loss of infections as the parasite being undetectable by 
our three methods, however infections could still be sub-patent, below the level of detection by 
these methods. Several crabs were still PCR positive, however these crabs had undetectable 
infections by smears and histology. We hypothesize that if the crabs in the 30○C treatment were 
maintained longer, then all of the crabs would have become PCR negative. The PCR samples 
tested for the presence of H. perezi, but not the viability of infection. In future studies, the crabs 
held at 30○C could be returned to a lower temperature such as 20○C, to observe if the infections 
become patent again. There were some notable differences from the results of our study and 
Huchin-Mian et al. (2018) at 30○C, such as blue crabs that were observed having heavy 
infections. This could be due to host differences between portunids and ocypodids or their 
infections having different starting intensities. The screening methodologies also differed 
between our studies, as the infection status of each individual fiddler crab was monitored over 
time whereas Huchin-Mian et al. (2018) screened each crab once using dissection and histology. 
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We hypothesize that elevated marsh temperatures protect the natural fiddler crab population from 
having H. perezi infections. Marsh temperatures can exceed 40○C (see Chapter 3). 
Comparatively, another parasite Loxothylacus panopaei was hypothesized to be locally 
extirpated with as little as a 2○C increase in temperature (Gehman et al., 2018).  
Additional studies with H. perezi in alternate or experimental hosts are warranted. For 
example, future studies with nascent infections in fiddler crab should address if establishment of 
H. perezi is hindered at 30○C. This is likely considering the results of our Patent Infection Study. 
Infected fiddler crabs could also be caged in the field at higher temperatures to evaluate if 
established infections are lost overtime in the natural environment. Infected crabs could also be 
tested through ethogram studies to determine if they have a temperature preference when given 
the choice between sediments of two different temperatures in the same enclosure. 
Other alternate hosts could be used in future investigations. Pagenkopp Lohan et al. 
(2012) indicated that spider crabs (Libinia spp.) serve as a potential reservoir host for 
overwintering in H. perezi. This crab species migrates offshore into deeper water during the 
winter months and might therefore serve to retain infections at low levels in offshore locations 
that are not subject to extreme temperature changes (Stehlik et al., 1991). Another host of H. 
perezi, Cancer irroratus, enters Chesapeake Bay in late fall and leaves the area in May 
(MacLean and Ruddell, 1978; Haefner and Van Engel, 1975). Each species in the host-parasite 
relationship has a unique thermal range, and that may affect the infectivity and dispersal of H. 
perezi into other areas. In terms of hosts, the lesser blue crab, Callinectes similis, and the spider 
crab, Libinia dubia, have overlapping temperature ranges (Noyola Regil et al., 2015) and both 
are alternate hosts for H. perezi (Messick and Shields 2000, Pagenkopp Lohan et al. 2012). 
Noyola Regil et al. (2015) hypothesized that because of their phenotypic plasticity, L. dubia 
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might be able to better adapt to climate change than species with more restricted ranges. This is 
also applicable to our system, because L. dubia as a reservoir host may be favored by H. perezi 
because the crab can tolerate a larger thermal range than blue crabs. Thus, future studies with 
alternate hosts will improve our understanding of how this parasite functions as a host generalist 
and give insight into interactions with different hosts over a broad host range.  
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Figures 
 
Figure 3.1 Fiddler crabs in their individual containers being prepared for inoculation and subsequent placement in temperature-
controlled incubators. 
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Figure 3.2 Prevalence (%) of infection of H. perezi in U. minax held at 15○C, 17○C, 19○C, 20○C (replicate 2), and 25○C for the 
Nascent Infection experiments. In the first 15○C replicate (not shown), one crab (4%) had a diagnosable infection after 12 weeks. No 
infections were observed at 7○C.  
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Figure 3.3 Mean parasite densities (× 106/mL, with SEM) over time for crabs in the Nascent Infection experiments.  
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Figure 3.4 Mean hemocyte densities (× 106/mL with SEM) over time for crabs in the three of the Nascent Infection experiments and 
one control group. In the H. perezi inoculated groups, only crabs that were positive by week 8 were included. 
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Figure 3.5 Mortality (%) in the different temperature treatments for the Nascent Infection experiments over time. Mortality due to 
handling stress was excluded if it occurred within the first 5 days. 
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Figure 3.6 Mortality (%) in the control groups over time for different temperature treatments in the Nascent Infection experiments. 
The control group for the Patent Infection Experiment also served as a control for the third Nascent Infections experiments.  
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Figure 3.7 Mean ameboid trophont densities (× 106/mL with SEM) over time in the Patent Infection Experiments.  
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Figure 3.8 Mean hemocyte densities (× 106/mL with SEM) over time for crabs in the Patent Infection Experiment. Hemocyte totals 
include all cell types present. The time zero data is from a subset of crabs and is identical for all four groups.   
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Figure 3.9 Mortality (%) in the different temperature treatments for the Patent Infection Experiments over time. Higher mortality was 
seen at the lower temperatures. 
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Tables 
Table 2.1. Mean ± sd values for hemolymph serum protein by treatment and week. Experimental n=25. Control n=15. The 15○C and 
20○C shown below are from replicate 1. 
 
Treatment Week 2 Week 4 Week 6 Week 8 
15○C Control 9.8 ± 1.65 9.7 ± 1.73 8.8 ± 1.81 7.5 ± 1.08 
15○C Experimental 8.2 ± 1.94 9.0 ± 1.98 8.1 ± 1.81 6.7 ± 1.46 
20○C Control 7.7 ± 2.50 7.2 ± 2.02 6.8 ± 1.76 6.1 ± 1.40 
20○C Experimental 8.8 ± 2.27 7.8 ± 1.97 6.3 ± 1.24 5.3 ± 0.96 
25○C Control 8.1 ± 2.02 8.3 ± 2.15 7.6 ± 1.91 7.4 ± 1.71 
25○C Experimental 8.0 ± 1.93 8.2 ± 1.59 7.1 ± 1.28 6.3 ± 1.53 
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Table 2.2 Water quality parameters and glass thermometer and HOBO temperature readings by treatment (mean value ± sd). Holding 
trough refers to the air temperature of the room where infected crabs were held prior to use. ---, not done. Rep = Replicate 
 
 
Treatment Thermometer 
Temp. 
(○C) 
HOBO 
Temp. 
(○C) 
Salinity 
 (psu)  
pH 
range 
Ammonia 
range 
(ppm) 
Nitrite 
range 
(ppm) 
Nitrate 
range 
(ppm) 
Nascent Infection Experiments     
7○C (Rep 1) 7.2 ± 1.03 5.3 ± 0.95 32 ± 1.08 7.4-8.0 0-4.0 0-1.0 0-10 
7○C (Rep 2) 6.7 ± 1.41 -- 34 ± 2.05 7.4-7.8 0.5-8.0 0 0 
15○C (Rep 1) 14.8 ± 0.59 15.1 ± 0.21 33 ± 1.18 7.4-8.0 0.25-8.0 0.25-8.0 0-1.0 
15○C (Rep 2) 14.6 ± 0.49 14.6 ± 0.43 30.1 ± 1.12 7.4-8.0 0.5-8.0 0-2.0 0-80 
17○C 16.6 ± 0.56 17.2 ± 0.75 31.1 ± 1.39 7.8-8.2 0-8.0 0-2.0 0-160 
19○C 18.9 ± 0.34 18.2 ± 0.34 30.6 ± 1.64 7.4-8.2 0.25-8.0 0-2.0 0-160 
20○C (Rep 1) 19.3 ± 0.45 17.8 ± 1.33 33 ± 1.90 7.4-8.0 0.25-8.0 0 0 
20○C (Rep 2) 19.8 ± 0.66 20.4 ± 0.99 30.7 ± 1.60 7.4-8.2 0.25-8.0 0-2.0 0-160 
25○C 24.5 ± 0.50 23.8 ± 0.24 33 ± 1.32 7.4-8.2 0-8.0 0-1.0 0-5.0 
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Patent Infection Experiment 
 
    
10○C  10.0 ± 0 11.4 ± 0.26 30.2 ± 0.59 7.4-7.8 0.25-8.0 0 0 
15○C  14.2 ± 0.39 14.3 ± 0.31 29.4 ± 0.88 7.4-7.8 0.5-4.0 0-0.25 0-5.0 
20○C  20.4 ± 0.49 20.5 ± 0.39 30.1 ± 0.72 7.8-8.2 1.0-8.0 0 0-10 
30○C  30.0 ± 0.15 28.9 ± 0.52 31.2 ± 1.53 8.0-8.2 1.0-8.0 0 0-20 
Holding 
trough  
17.5 ± 0.69 18.7 ± 0.58 -- -- -- -- -- 
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Abstract 
 The parasitic dinoflagellate H. perezi is a host generalist that infects the blue crab, 
Callinectes sapidus, and several other decapods along the East Coast of the USA. Infections of 
H. perezi do not naturally occur and have not been observed in field-collected fiddler crabs. 
However, fiddler crabs can serve as useful models to explore host-parasite interactions because 
they are easy to maintain, are resilient to experimental manipulation, and susceptible to H. perezi 
via inoculation. Transmission of H. perezi is not well understood, but appears to occur through 
water-borne exposure to dinospores. We, therefore, undertook a series of sentinel studies to 
investigate the role of the marsh ecotone as an ecological barrier in determining whether the 
fiddler crab Uca pugnax can become naturally infected with H. perezi in the field by increasing 
their length of exposure to endemic waters. Fiddler crabs serving as experimental sentinels were 
held submerged in a series of 14-d sentinel deployments in an endemic area for the parasite. 
Crabs in the first three experimental sentinel studies became naturally infected with H. perezi, 
with prevalence levels up to 31%. Incidence, the number of new infections over time, reached 
1.78% per day. The parasite developed normally in infected fiddler crabs as evidenced by their 
progression through different life history stages. Mortality in the experimental sentinel 
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treatments varied from 3 – 6%. There was no association between molting and infection; hence 
ecdysis was not a requirement for transmission in U. pugnax. No infections occurred in crabs 
deployed as control sentinels in a non-endemic area. In a separate set of experiments in a marsh 
in the endemic area, uninfected fiddler crabs were caged with and without access to benthic 
substrates. Crabs without access to benthic substrates had a prevalence of infection of 20%, 
whereas those with access to benthic substrates did not become infected. Crabs exposed as 
experimental sentinels with full inundation exhibited high prevalence levels (up to 53%). Our 
prior research has shown that fiddler crabs are not hosts for H. perezi in the natural environment. 
Over a 4-yr period, no natural infections occurred in fiddler crabs residing in an intertidal habitat 
a few meters away from where H. perezi is endemic in blue crabs; yet, fiddler crabs are 
susceptible to infection when directly exposed to natural transmission pathways. This study 
revealed that the intertidal saltmarsh ecotone represents an ecological barrier to infection.  
Running Title 
Ecotone as an ecological barrier to infection by H. perezi. 
Key Words 
Molting, Callinectes sapidus, physiological barrier, transmission route, ecological factors 
 
1. Introduction 
 In the natural environment, physiographic features such as mountain chains, deserts, 
rivers, and oceans can act as ecological barriers, preventing dispersal of species into new 
locations. For example, in terrestrial systems, natural and artificial barriers have been shown to 
impact the dispersal of white-tailed deer (Long et al., 2010). Comparatively, in the aquatic 
system ecological barriers limit the spread of invasive species, such as crayfish, Procambarus 
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clarkii (Kerby et al., 2005), and physical barriers such as ocean currents may act to limit the 
dispersal of intertidal bivalves (Miller et al., 2013). In addition to limiting animal movement and 
distribution, physiographic features such as large bays can act as natural barriers to disease 
transmission, even in otherwise susceptible host populations. Ecological barriers can also serve 
to enhance disease transmission by enhancing contact rates through entrainment or by limiting 
dispersal (Shields, 2012). With the increased interest in disease ecology, mapping host and 
pathogen distributions has been used to forecast where a pathogen is present or likely to be 
present. A disease map is based on the “BAM” framework (Escobar and Craft, 2016), which 
stands for biotic factors, abiotic factors, and movement of parasites. These three factors, along 
with a framework in landscape ecology, have a major influence on the dispersal and distribution 
of most pathogens. Host behavior and migration patterns can also affect transmission patterns. 
For example, the spiny lobster, Panulirus argus, can behaviorally avoid conspecifics infected 
with the virus PaV1, thus limiting transmission and reducing the likelihood of outbreaks (Dolan 
et al., 2014; Butler et al., 2015). This is in contrast to the normal behavior of spiny lobster, as 
they are typically social among conspecifics. 
 The influence of several biotic and abiotic factors have been previously evaluated for the 
parasitic dinoflagellate, Hematodinium perezi, which infects the commercially important blue 
crab, Callinectes sapidus (Messick and Shields, 2000). Host size and molting are two biotic 
factors that have been examined in relation to the prevalence and transmission of H. perezi. 
Prevalence is negatively correlated to host size, with the smaller juveniles having much higher 
prevalence levels than adult blue crabs (Messick, 1994; Messick and Shields, 2000). Because 
juvenile crabs molt frequently, molting was originally thought to be a key factor in susceptibility, 
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but it has recently been shown not to be a factor in transmission of the parasite (Huchin-Mian et 
al., 2017).  
 Physiographic features and salinity are two abiotic factors that are important in the 
distribution of H. perezi. It is hypothesized that restrictive physiographic features such as 
shallow lagoons with enclosed, entrained water masses enhance transmission of the parasite 
(Shields, 1994; Shields, 2012). Nearby bays with abundant juvenile populations can have 0% 
prevalence due the effect of reduced salinity. The parasite is found in high salinity waters 
typically above 24 psu, seldom < 18 psu, and not < 11 psu (Newman and Johnson, 1975; 
Messick and Shields, 2000). At 10 psu, dinospores, the presumptive transmission stage, become 
immobilized within 24 hours; however, at ≥ 25 psu dinospores remain motile over a 6-d period, 
losing their motility much slower than those at lower salinities (Coffey et al., 2012). In addition, 
seasonality and temperature affect the prevalence of H. perezi, with peaks in the late fall 
associated with crab recruitment, followed by a nadir when cold temperatures occur in winter 
months (Messick and Shields, 2000, Shields et al. 2015, Lycett and Pitula, 2017). In the 
laboratory, optimal growth conditions for H. perezi in juvenile blue crab hosts were determined 
to be 30 psu and 25◦C (Huchin-Mian et al., 2018). 
 Intertidal fiddler crabs may be experimentally infected with H. perezi and can be used 
comparatively to explore aspects of the biology of H. perezi. Fiddler crabs live in marsh habitats 
adjacent to sublittoral habitats where blue crabs are found, and their populations can overlap in 
low marsh zones during periods of tidal inundation. Uca pugnax do not always seek shelter in 
burrows during high tide (Teal, 1958). This behavior is species dependent as U. pugilator may 
seek shelter at high tide. Despite the close proximity of fiddler crabs (Uca spp.) and blue crabs in 
saltmarsh habitats, natural H. perezi infections have not been detected in Uca pugnax, U. 
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pugilator, or U. minax (O’Leary and Shields, 2016). However, these species are susceptible to H. 
perezi by experimental infection and infections can be serially transferred back to blue crabs 
from infected fiddler crabs. In fiddler crabs, infections progress naturally from filamentous 
trophonts to ameboid trophonts and clump colonies as in the blue crab host. In blue crabs, the 
natural stage of transmission is most likely the motile dinospore stage, which is released into the 
water column (Stentiford and Shields, 2005; Frischer et al., 2006; Li et al., 2011), and water-
borne transmission has recently been shown as the major route of infection (Shields et al., 2017). 
Fiddler crab behaviors, such as hiding in burrows during high tide may prevent transmission, but 
they have regular contact with tidal waters on the surface of the marsh and all three species of 
fiddler crab have been observed feeding under water in the saltmarsh (Teal, 1958).  
 Water-borne transmission is a common method of exposure in studies of aquatic 
pathogens. Water-borne routes have been studied in H. perezi in juvenile blue crabs (Huchin-
Mian et al., 2017; Shields et al., 2017), acute hepatopancreatic necrosis syndrome in penaeid 
shrimp by the bacteria Vibrio parahaemolyticus (Tran et al., 2013), white tail disease of fresh 
water prawns by the virus Macrobrachium rosenbergii nodavirus (Sahul Hameed and Bonami, 
2012), White Spot Syndrome Virus in penaeid shrimp (Suppamattaya et al., 1998), and 
Panulirus argus Virus 1 in Caribbean spiny lobster (Butler et al., 2008). We used the sentinel 
methodology of Shields et al. (2017) to investigate water-borne transmission of H. perezi to U. 
pugnax. 
Our primary objective was to investigate the role of ecological barriers in the 
susceptibility of fiddler crabs to infection by H. perezi. We designed field experiments to 
determine if fiddler crabs are naturally susceptible to H. perezi through prolonged contact with 
water in an endemic area or while caged in the marsh with and without access to benthic 
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substrates for burrowing. Our secondary objective was to elucidate if molting is required for 
transmission of the parasite to fiddler crabs. Crabs were deployed into an endemic area using the 
sentinel methodology, and their infection status was evaluated by hemolymph smears, histology, 
and PCR. Although natural infections are not known to occur in fiddler crabs adjacent to the 
endemic site, adult and juvenile fiddler crabs were also screened for background prevalence 
levels to confirm the absence of infections in the native population. 
2. Materials and Methods 
2.1 Fiddler Crab Collection, Screening, Tagging, and Deployment 
 Uca pugnax were collected by hand at two sites: a non-endemic site for H. perezi at 
King’s Creek Marsh, Hayes, VA (37○18’25.76” N, 76○24’44.31” W), and an endemic site for H. 
perezi near the public boat ramp at Oyster harbor, VA (37° 17.19.18” N, 75° 55’23.56” W). 
Fiddler crabs from the non-endemic site were preferentially used in experiments, but U. pugnax 
were unavailable in high abundance at this location. However, naturally occurring infections 
with H. perezi have not been found in fiddler crabs from the endemic location (O’Leary and 
Shields, 2016). Thus, a subset of crabs from the endemic area were screened for infections and 
used in the deployments. 
 Fiddler crabs were assessed for H. perezi infection by examining hemolymph smears. 
Briefly, hemolymph was screened both pre- and post-deployment with 0.3% neutral red in a 
modified Appleton Media (MAM) solution. Neutral red dye is excluded by host cells and taken 
up by actively phagocytosing cells of H. perezi, allowing for the parasite to be easily identified 
(Chatton and Poisson, 1931; Stentiford and Shields, 2005; O’Leary and Shields, 2016). 
Hemolymph was taken from the juncture of the basis and the ischium of each crab. Immediately 
prior to the hemolymph draw, the area around the ischium was sterilized with a swab of either 70 
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or 95% ethanol. Several drops of hemolymph were withdrawn using a 27G × ½ needle with a 1-
mL syringe, a few drops expressed onto a microscope slide, and one to two drops of neutral red 
solution was added.  
 We deployed uninfected fiddler crabs at the endemic area (experimental sentinels) and at 
a non-endemic area (control sentinels). The endemic area was at the pier at the Anheuser-Busch 
Coastal Research Center (ABCRC), Oyster, VA (37○17’19.18” N 75○55’23.56” W), which was 
32 psu. The non-endemic area serving as the control sentinel location was at the pier at the 
Virginia Institute of Marine Science (VIMS) (37° 14.837’ N, 76° 29.972’ W), a brackish water 
(20-25 psu) area ~7 miles from the mouth of the York River, VA. The Experimental Sentinels 
were deployed at the endemic area, the ABCRC pier; the Control Sentinels were deployed in a 
non-endemic area, the pier at VIMS; and crabs serving as the Laboratory Control were housed in 
a crab pot in an indoor plastic tank (~500 gal) with a flow-through system using York River 
water. Three experimental deployments were undertaken in the first part of the study that 
contained three treatments each (one experimental and two controls each). For these 
deployments, experimental sentinels consisting of 30-33 fiddler crabs, control sentinels 
consisting of 19-30 fiddler crabs, and laboratory controls consisting of 20-30 fiddler crabs each. 
For the second and third deployments, the fiddler crabs were tagged on the carapace with red 
glitter to examine molting. To place the tag, a single drop of super glue (Loctite Super Glue 
Professional Liquid/Gorilla glue) was placed in the center of the carapace and the glitter was 
sprinkled over the glue (Fig. 4.1). The fiddler crabs were then immediately returned to the water 
as the glue hardens instantly when submerged. After the deployments, fiddler crabs were 
examined for the presence of glitter tags and each container was checked for the presence of any 
exuvia indicative of molting. If the glitter tag was no longer present on the carapace or if portion 
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of the exuviae remained in the cup, this indicated that the crab had molted.  Fiddler crabs, pooled 
by their original collection sites (endemic or non-endemic), were maintained in 20-gallon tanks 
with approximately 2.5 cm of York River water (non-endemic source) at the VIMS Seawater 
Research Laboratory until the deployments. The fiddler crabs were collected over several weeks 
to obtain sufficient samples sizes for the deployments. 
 For deployments, crabs were housed individually in modified urinalysis cups. The 
modified cups, referred to as crab condos, were drilled using a dremel tool or punctured with 
scissors (hole diameters: 0.2, 0.3, or 0.5 cm) to allow water exchange with the environment. Two 
crab condo sizes were used: 7.5 cm top width, 5.3 cm bottom width, 10 cm height and 5.8 cm top 
width, 5 cm bottom width, 8 cm height. Each condo had 26-27 holes in it for water movement. 
The plastic cups (polypropylene and low-density polyethylene) were soaked in saltwater (~ 30 
psu) for at least 24 hr prior to deployment.  
 For deployments, crab condos were placed in a crab pot then submerged for 14 d at one 
of three deployment sites (6/22/17 -7/6/2017) (Fig. 4.2). Prior to deployment, the entry ports on 
the crab pots were sealed with zip ties to prevent the escape of the crab condos or the entry of 
predators. The crab pots were then tethered to their respective piers and placed in subtidal 
deployments at approximately two meters depth. After the 14-day deployment period, the fiddler 
crabs were retrieved and transported to VIMS, screened for infections and then maintained for an 
additional three weeks within their individual crab condos in 5-gallon buckets with aerated 
seawater water (1 bucket/site, ~30 psu). The crabs were then screened for infections a second, 
final time at 5 weeks post deployment. Crab mortality was recorded at the end of the deployment 
period and at the final screening. In May, pilot studies were carried out at the Kings Creek marsh 
and the VIMS pier prior to the deployments. The pilots were 14 and 16-days in length 
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respectively. The VIMS pier deployment had 80% survival (n=10) and the marsh deployment 
had 0% mortality in the above and below ground treatments (n=10/treatment).  
2.2 Histology and PCR  
 To confirm infection by H. perezi, three U. pugnax from the Experimental Sentinel group 
were evaluated by both histology and diagnostic polymerase chain reaction (PCR) assay. The 
PCR assay targeted the ITS1 region as in Pagenkopp Lohan et al. (2012). The three crabs 
analyzed by PCR were from the first deployment in the endemic area. Prior to deployment, two 
of these crabs originated from Oyster, VA (endemic) and the other originated from King’s Creek 
marsh (non-endemic). An additional nine U. pugnax that were positive by neutral red diagnosis, 
along with several negative U. pugnax, were sacrificed and evaluated by histology. For 
histological preparations, whole fiddler crabs were dissected by removing the upper carapace, 
and each half placed in a histology cassette, then fixed in Bouin’s solution. After a minimum of 
48 hr, the samples were rinsed overnight in tap water, then transferred to 70% ethanol until 
processed as in O’Leary and Shields (2016) for H&E staining. Gill tissues were additionally 
placed in citrate-formic acid decalcification solution for 48 hrs (Luna, 1969), rinsed again with 
tap water and then transferred to 70% ethanol.  
2.3 Inundation experiments 
To examine the effect of tidal inundation on transmission to fiddler crabs, we undertook a 
series of inclusion experiments holding fiddler crabs under different conditions in the marsh 
during Summer 2017. Inclusion experiments refers to the experiments conducted in the marsh 
that were tidally inundated twice daily. Uca pugnax were collected at the non-endemic site 
(King’s Creek) and maintained communally in several 10-gallon tanks with ~ 1 inch of 30 psu 
artificial seawater and fed 2x per week until use. The crabs were not pre-screened for H. perezi 
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to limit handling stress. Each fiddler crab was placed in a crab condo as described above, and the 
condos were placed in crab pots for the deployment. At the ABCRC pier (endemic site), 60 
fiddler crabs were deployed in crab pots that were fully submerged (~2 m, on bottom) or hung at 
approximately the mid tide height (n = 60). The latter treatment, which was hung by rope from 
the pier, was aerially exposed as the tide receded. Tidal gauges (Onset HOBO® water level data 
logger, U20 series) and a temperature logger (Onset HOBO® pendant) were placed in both of 
these treatments. Two additional controls included crab pots with fiddler crabs deployed from the 
VIMS pier (non-endemic site, n = 30) and crab pots deployed fully submerged at the ABCRC 
pier with juvenile blue crabs (C. sapidus, n = 35). The juvenile blue crabs used were not 
individually measured, however we used juvenile blue crabs similar in size range to Huchin-
Mian et al. (2017) approximately 10-15 mm. Sample sizes for the inclusion experiment were 
determined by power analysis (n = 60 per treatment, two-tailed t-test, G*Power software). 
During the same time period as the above pier deployments, additional treatments were 
deployed to investigate the effect of inundation and location within the marsh (Fig. 4.3). Fiddler 
crabs were deployed approximately 250 m northeast of the ABCRC pier, adjacent to the channel 
leading to Oyster Harbor. PVC poles were placed prior to the experiment to approximately mark 
low, mid, and high tide. The experiment was placed near the mid-tide line, where crab burrows 
naturally occurred. This placement corresponded to the edge of the Spartina growth, nearest the 
water. Cages housing fiddler crabs were sited approximately equidistant at ~8 m apart and 
parallel to the shoreline. Vegetation surrounded the cages on all sides, but it was removed with 
grass clippers and a shovel to properly site each cage. The marsh sentinels had two treatments: 
with (Fig. 4.4 & 4.5) and without access to benthic substrates and the ability to burrow or bury 
themselves. To house the fiddler crabs, a rectangular cage was made from Pentair plastic mesh 
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(N1670, 4-mm square holes) (n = 10 per cage, with 6 cages per treatment) (Fig. 4.6). There were 
6 above-ground and 6 below-ground mesh cages. Both the buried and unburied cages had the 
same above ground height (15.24 cm). For the below ground treatment, the below ground depth 
was 20.32 cm. Each cage was 50.8 cm in length and 26.0 cm in width. The height and width of 
the cages were reinforced with 1.5 cm PVC pipe. PVC pipes were vertically positioned into the 
mud and the cages were cable tied to each piece of pipe to prevent movement. The cages had 
mesh lids which were sealed with threaded plastic coated electrical wire for easy access. All 
other sides were sealed with small plastic cable ties ~1 cm apart to retain the crabs. Two tidal 
gauge hobos were placed directly next to one of the mesh cages (Fig. 4.7). The gauges were 
installed vertically inside a drilled piece of PVC at ground level to protect the units from 
sedimentation. To detect any shading effect from the cages, temperature hobos were placed 
outside of two of the mesh cages and inside one of the mesh cages. For the first 2017 sentinel 
study, the depth readings were adjusted for barometric pressure based on a tidal gauge above the 
waterline on the ABCRC pier. At the end of the experiment, all surviving crabs were retrieved, 
placed in individually marked plastic cups with a cooler of ambient seawater, and transported to 
VIMS. The crabs were maintained in their individual cups within 10-gallon tanks for 
approximately 6 weeks. They were fed 2x weekly with small sinking fish food pellets and 
monitored daily for salinity (30-36 psu), water temperature (19-30°C), and mortality. The cups 
were partially submerged in ~3.8 cm of water and 100% water changes were done as needed, 
approximately once per week. The fiddler crabs were each screened by neutral red three times 
during this period and monitored daily for mortality.  
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2.4 Additional Marsh Data Collection 
Five additional data points were collected in support of the marsh and pier experiments, 
to show the presence or absence of H. perezi at our study sites. Water samples from the marsh 
tidal pools, water pooled in burrows, incoming tide water, from surface and bottom water at the 
ABCRC, and surface water at the Oyster, VA, public boat ramp were collected for qPCR 
analysis. Each sample consisted of 100 mL of water, except from the tidal pools and burrows 
where 25-60 mL were taken because it was difficult to obtain larger volumes. The samples were 
refrigerated overnight to allow the sediment to settle out prior to the samples being filtered. 
Aliquots of water were then filtered (Whatman® Nuclepore Track Etch Membrane Filtration 
Products, 47 mm, 3.0 µm) and the volume filtered was noted for each sample. The DNA 
extractions of the filter paper followed the Qiagen stool kit #51604 protocol and the qPCR 
(quantitative real time PCR) followed the methods of Li et al. (2010), which targets the ITS1 
region of the rRNA gene complex of the parasite. Power SYBR®Green master mix, primer, BSA, 
and a DNA template were combined in 96-well plates. Our methods varied slightly from Li et al. 
(2010), in that the quantification utilized a dilution series of a synthetic Gblock for the standard 
curve, rather than a dilution series extracted from a known number of parasites. Twenty water 
samples were evaluated by qPCR. The samples were collected from the ABCRC pier (n = 5), 
Oyster VA public boat ramp (n = 7), marsh tidal pools (n = 2), water pooled in fiddler burrows (n 
= 3), at mid tide (n = 1), at low tide (n = 1), and at high tide (n = 1) within the marsh. Water 
samples were collected on five days, spanning June through August. The ABCRC samples were 
taken both from bottom and surface waters. The public boat ramp samples were from the surface 
waters.  
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In the first 2017 deployment study, after the crabs were transported back to VIMS, five 
infected fiddler crabs were sacrificed for histology every 5 days beginning on 7/20/2017. These 
crabs were randomly selected from known positives from the fully submerged and partially 
submerged dock treatments. In deployment two from the above ground treatment, five fiddler 
crabs negative by hemolymph smear were sacrificed for histology on 10/12/2017 and four 
additional recently dead crabs (H. perezi positive) were processed for histology on 9/12/2017. 
Blue crabs were collected at the ABCRC pier with baited crab pots. Large juvenile blue crabs 
were collected individually by dip net from mid to high tide in the marsh (n = 42). These crabs 
were bled and diagnosed for H. perezi using neutral red as described above. Juvenile fiddler 
crabs (Uca spp.) were also screened from the Oyster, VA, marsh (n = 52) on 8/18/2017. To test 
for the presence of H. perezi, the juvenile fiddler crabs were cut in half with a flame-sterilized 
razor blade on a microslide, and the dissection smear stained with neutral red for diagnosis. 
Shields et al. (2017) used similar methods on juvenile blue crabs. These crabs were too small (3-
11 mm) to identify to species; however, they were most likely U. pugnax and/or U. pugilator as 
they are the most abundant species at that location.  
2.5 Above Ground Treatment Repeated 
Despite the low mortality in the pilots, during the main experiment crabs in the above-
ground treatment experienced significant mortality. This treatment was replicated (8/3/17- 
8/17/17) by moving the cages 1.2 - 2.4 m closer to the water, insuring that they were properly 
sited directly on the substrate, to the very front of the vegetated zone, with the cages surrounded 
by Spartina on three sides. A fully submerged treatment was deployed at the same time off the 
ABCRC pier and served as a positive control for the second above-ground treatment. Tidal 
gauges and temperature loggers were placed as described above. For the second 2017 sentinel 
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study, a standard of 14.742 psi on the tidal gauges was used to identify when the marsh treatment 
was aerially exposed. 
2.6 Statistical Analysis 
 Differences in the number of crabs infected between treatments were evaluated by 
Pearson’s Chi-square tests. Prevalence can have a temporal component, therefore we only 
statistically compared data within the same deployment periods.  
3. Results 
 All of the 188 fiddler crabs (Uca spp.) that we examined for background infections from 
the endemic location were negative for H. perezi. An additional 80 U. pugnax from the non-
endemic site were also negative for infection by H. perezi. None of the fiddler crabs pre-screened 
for H. perezi from the non-endemic and endemic sites had infections. 
3.1 Experimental Sentinels 
 Hematodinium perezi was successfully transmitted to fiddler crabs in each of the sentinel 
studies (Table 1). Mortality was low, 0-10%, for the deployments (Table 2). In the first 
deployment, none of the crabs were diagnosed as positive immediately after their 14-d 
deployment; however, three crabs were positive from this deployment when assessed at Week 5. 
The crabs possessed infections characterized as moderate to heavy densities of ameboid 
trophonts and clump colonies. When the fiddler crabs were screened again during Week 8, no 
additional infections were found.  
 In the second deployment, eight fiddler crabs (8/32) were positive for H. perezi 
immediately following the 14-d deployment (Table 1). The infections were light, with motile 
plasmodia that had neutral red uptake. When re-screened at Week 5, two additional crabs were 
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infected, bringing the total to 10 infected crabs. All of the infected crabs had moderate to heavy 
ameboid trophont and clump colony infections. 
In both the first and second deployments, we used fiddler crabs that originated from the 
endemic site to increase our sample size to appropriate levels. However, crabs from the endemic 
area serving as controls were not infected. In addition, no H. perezi infections were found in 
control sentinels from any of the three deployments or during the pre-screenings.  
3.2 Evaluating Fiddler Crabs for Evidence of Ecdysis 
 Fiddler crabs were evaluated for molting immediately following the 14-d deployment. 
Molts were identified by the loss of the tag and the presence of the exuvia in the cup. No exuvia 
were found in the containers during the first Oyster, VA, deployment. During the second 
deployment two crabs molted at the endemic site. Only 1 of the molted crabs obtained the 
infection. An additional seven crabs had infections during the deployment, but they had not 
molted. No new molts occurred by Week 5, although there were 2 more infections in crabs that 
had not molted. None of the U. pugnax molted in the third deployment.  
3.3 PCR and histological confirmation 
 The three U. pugnax that were positive by neutral red diagnosis and processed by PCR 
were confirmed to have H. perezi infections as evidenced by strong single reaction products on 
an agarose gel. Histologically, naturally infected fiddler crabs presented with classical signs of 
infection in the hemal vessels and sinuses of the tissues of the hepatopancreas. Ameboid 
trophonts were present in the hemolymph and hemal sinuses, particularly those in the 
hepatopancreas (Fig. 4.8), heart (Fig. 4.9) and below the epidermal layer (Fig. 4.10). Ameboid 
trophonts were also observed in the gill tissues (Fig. 4.11). Uninfected samples, including those 
from the hepatopancreas tissues appeared healthy (Fig. 4.12). 
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3.4 Ecotone and inundation experiments 
Crabs in the above-ground inclusion treatment had low survival during the first 
deployment (~15%); therefore, that treatment was repeated in a second deployment. The second 
above-ground deployment had much higher survival (85%, remaining n = 51), and 20% of the 
survivors obtained H. perezi. Crabs in the below-ground inclusion treatment did not obtain H. 
perezi infections. Fiddler crabs held in the fully submerged (subtidal) treatment at the ABCRC 
pier had a prevalence of infection of 53% and a mortality of 5% in the first treatment. In the 
second subtidal treatment, the fiddler crabs had a prevalence of 36% and a mortality of 63.3%. 
Crabs in the partially inundated treatment at the ABCRC pier had a prevalence of 60% and a 
mortality of 3.3%. The subtidal juvenile blue crab control at the ABCRC pier had a prevalence of 
31% and a mortality of 63%. 
When the prevalence of infection in the below-ground treatment was compared to the 
first fiddler crab subtidal experiment, the two treatments statistically differed (Pearson’s chi-
square, df = 1, p < 0.0001). There was no difference between the 2nd above ground treatment and 
the second fiddler crab subtidal treatment (Pearson’s chi-square, df = 1, p = 0.115). There was 
also no difference between the first fiddler crab subtidal treatment and the partial (80.5%) 
inundation treatment (Pearson’s chi-square, df = 1, p = 0.404).  
3.5 Control groups in inundation experiments 
Fiddler crabs serving as negative controls deployed off the VIMS pier were negative for 
infection during repeated screenings. They had 100% survival during the first deployment. 
Juvenile blue crabs serving as positive controls, deployed off the ABCRC pier had a prevalence 
of 31% for H. perezi, but only 13 of the 35 crabs (37%) survived the deployment.  
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3.6 Tides and Temperature 
Tidal inundation varied between treatments. In the first marsh inclusion study, the 
intertidal cages were tidally submerged for 42.2% of the time (Table 3). In the second inclusion 
study, the cages were moved closer to the water and were submerged 57% of the time. The 
tidal gauge at the ABCRC pier indicated that the partially inundated treatment deployed off the 
pier was submerged 80.5% of the time. In both experiments the maximum temperatures were 
>10◦C higher in the marsh than at the pier.  
3.7 Screening for natural infections in C. sapidus and Uca spp. 
Although the ABCRC pier has been used extensively for earlier sentinel studies, adult blue 
crabs had not been previously collected and screened for H. perezi from that location. During 
one sampling event with baited crab pots, 11 blue crabs were collected and 18% were naturally 
infected with H. perezi. Large juvenile blue crabs (n = 42) collected from the marsh habitat and 
intertidal zone used in the inclusion studies had a prevalence level of 12%. Juvenile fiddler crabs 
(Uca spp.) were surveyed for naturally occurring H. perezi infections at the study site, the marsh 
adjacent to the Oyster, VA, public boat ramp. Of 52 juvenile fiddler crabs surveyed, none were 
infected.  
3.8 qPCR of water samples 
Hematodinium perezi was below the detection limits by qPCR for all 20 of the tested 
water samples.  
3.9 Histology from crabs in the inclusion experiments 
Histological preparations were made from 12 fiddler crabs at the ABCRC pier in the 
subtidal treatment and 13 from the partial inundation at the ABCRC pier. All of the subtidal and 
partial inundation histology samples were H. perezi positive by hemolymph smear. Nine from 
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the above ground marsh treatment in the second inclusion experiment were also prepared for 
histology. Of these nine, five were known to be negative by hemolymph smear and four were 
positive by hemolymph smear. For all the infected fiddler crabs, ameboid trophonts were 
observed in all tissue types (heart, epidermis, hepatopancreas, and gills) confirming the results 
from the hemolymph smears. Fiddler crabs that were negative by the hemolymph smears were 
also confirmed negative by histology.  
4. Discussion 
 We documented an ecological barrier in the transmission of a waterborne pathogen to an 
estuarine host, the fiddler crab. Fiddler crabs held subtidally in crab pots obtained infections 
consistent with the transmission rates observed for the pathogen in its primary host, the blue 
crab, Callinectes sapidus (Shields et al. 2017; Huchin-Mian et al. 2017). Those held in above-
ground cages also became infected at prevalence levels similar to those observed in blue crabs. 
However, fiddler crabs held in cages in which they could burrow into the marsh surface did not 
become infected. Even though the above-ground and below-ground marsh treatments were tested 
during different time periods, our results are supported by the subtidal control groups which 
obtained infections in both replicates. The mud fiddler, Uca pugnax, requires moist, muddy 
substrates in which to feed and burrow. Fiddler crabs do not build burrows beyond the leading 
edge of the marsh, as the substrate is too saturated to support them (Bertness and Miller, 1984). 
During high tides, U. pugnax may hide in their burrows and they can also seal their burrows so 
as to avoid short-term inundation (Pearse, 1914; Bertness and Miller, 1984). This behavioral 
adaptation appears to provide them with protection from H. perezi. Although fiddler crabs can be 
found occasionally feeding in seawater and U. pugnax does not always seeking shelter during 
high tide, they live mostly above the waterline (Teal, 1958). Thus, their behaviors within the 
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marsh ecotone and their limited immersion in water serve to limit their exposure to the 
transmissive stages of the parasite. This would explain why fiddler crabs (>560 individuals) 
sampled over several years from tidally inundated natural habitats immediately adjacent to 
endemic areas of transmission were not infected by the pathogen (O’Leary & Shields, 2016; and 
present study). 
Another explanation for the lack of natural infections in fiddler crabs is that the 
transmissive stage might not survive well intertidally due to physical or chemical barriers, such 
as high air temperatures, turbulence from wave action, or rapid changes in redox potential 
associated with the marsh substrates. Marsh temperatures during the summer can surpass 40°C 
(see Table 3). This high temperature, coupled with our laboratory temperature studies showing 
that fiddler crabs lose their infections over 30°C (Chapter 2, as O’Leary and Shields in 
preparation), indicate that fiddler crabs have a high-temperature refugium during the summer and 
are likely protected from infections at temperatures above 30°C. That is, they have a 
physiological barrier to infection based on their exposure to high semi-terrestrial surface 
temperatures as well as an ecological barrier from the marsh ecotone.  
 The fact that fiddler crabs do not obtain natural infections is in contrast to laboratory 
studies showing that the local species, U. pugnax, U. pugilator and U. minax, are all susceptible 
to infections when inoculated with the pathogen. Indeed, the parasite has a broad host range that 
includes several decapods and possibly amphipods (Pagenkopp Lohan et al., 2012, 2013). 
Moreover, in sentinel deployments, fiddler crabs obtained natural infections that progressed 
through the same observed life history stages of the parasite as observed in experimentally 
infected crabs. The parasite progressed from plasmodia to ameboid trophonts and clump colonies 
over five weeks, which is consistent with that observed in experimentally infected blue crabs and 
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fiddler crabs (Shields & Squyars, 2000; O’Leary and Shields, 2016). In both submerged 
treatments prevalence was 53% and 36% respectively, indicating that substantial transmission 
occurred during the deployment experiments. Indeed, the second above-ground treatment had a 
prevalence of 20%, indicating that transmission was occurring above the marsh substrate, but 
possibly at reduced levels. The lower survival in the 2nd subtidal deployment may have impacted 
the observed prevalence and the statistical comparison to the above ground treatment, which was 
not statistically significant. 
Considering the high population density of fiddler crabs and their susceptibility through 
submersion, the ecological barrier of the marsh ecotone, the host behavioral barrier, and the 
physiological barrier of high temperature appear to effectively block transmission of H. perezi to 
an abundant host population. Therefore, the artificial host relationship for infected fiddler crabs 
with respect to H. perezi in our inclusion experiment appears more akin to that of a spillover 
host. Other alternate hosts of H. perezi, such as Libinia spp., Cancer spp., Callinectes similis, 
and several other portunids, are all subtidal and may serve to disperse the parasite to new 
locations or maintain it during periods of low abundance in the blue crab host (MacLean and 
Rudell, 1978; Messick and Shields, 2000; Pagenkopp Lohan et al., 2012; Lycett and Pitula, 
2017). However, the role of spillover and accidental hosts in the transmission and ecology of the 
pathogen remain unresolved. 
 In previous studies, molting was hypothesized as a requirement for transmission of H. 
perezi. This was a logical explanation, based on the frequency of molting in juvenile blue crabs 
and the higher prevalence of infection in juveniles compared to adults (Shields, 1994; Messick & 
Shields, 2000). Molting frequency in blue crabs is positively associated with water temperature 
(Cunningham and Darnell, 2015) as is the prevalence of Hematodinium spp. in their primary 
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hosts (Shields et al. 2007; Shields et al. 2015). Together these factors were previously suggested 
to explain the periodicity of Hematodinium spp. outbreaks. However, our study corroborates the 
results of Huchin-Mian et al. (2017), showing that ecdysis is not required for the transmission of 
H. perezi to either the blue crab or fiddler crab host. This is the second study showing that 
molting is not required for transmission in this system; and these findings collectively indicate 
that as a host generalist H. perezi does not require molting to infect decapods. It is also adds to 
the growing body of evidence that dinospores are the likely transmissive stage of the parasite 
(Frischer et al. 2006) and that water-borne transmission is the primary route of infection to these 
hosts (Shields et al. 2017). 
 In summation, the fiddler crab U. pugnax can obtain H. perezi infections through both 
inoculation and submersion studies, however, no naturally occurring infections have been found. 
This indicates that the marsh ecotone serves an ecological barrier to infection. Furthermore, 
fiddler crab behavior appears to prevent transmission of the parasite by limiting exposure to 
inundation. Little is known about how H. perezi is transmitted between hosts; however evidence 
indicates that the transmission is water-borne and likely through a dinospore stage. Intertidal 
fiddler crabs have allowed us to show that host susceptibility can vary widely between adjacent 
habitats within meters of endemic habitats and that physical exposure to the pathogen can allow 
natural transmission to a host that would otherwise be considered refractory to infection.  
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Figure 4.1 Uca pugnax tagged with glitter. 
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Figure 4.2 Crab condos housed in the crab pots at the ABCRC dock for the partial and full 14-
day immersion deployments.  
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Figure 4.3 Graphical representation of field experiments. (1) Fully submerged fiddler crabs. (2) 
Fully submerged juvenile blue crabs (controls). (3) Tidally submerged fiddler crabs. (4) Adult 
blue crab collection with crab pot for H. perezi screening. (5) Fiddler crabs in mesh cages with 
access to burrowing. (6) Fiddler crabs in mesh cages without access to burrowing. (7) Juvenile 
blue crab collections for H. perezi screening in marsh by dip net. (8) Juvenile fiddler crab 
collection in marsh. (9) Water samples for qPCR. (10) Fiddler crab control from VIMS dock. 
Mesh cages were located approx. 250 meters from the ABCRC dock.  
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Figure 4.4 Uca pugnax inside the mesh cages in the marsh inclusion study. 
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Figure 4.5 Burrow made by the fiddler crabs in the marsh inclusion study. 
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Figure 4.6 Mesh cages for the marsh inclusion studies. On left, 8 larger cages that were partially 
buried in the field. On right, 8 smaller cages that were seated on the marsh surface. Two spares 
of each size were made, as only 6 were deployed per treatment. 
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Figure 4.7 Mesh cages in the marsh inclusion study. The photo on the left is tidally inundated. 
The photo on the right shows the same cage at low tide. The tidal gauge was housed inside the 
gray PVC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
116 
 
Figure 4.8 Heavy infection of H. perezi in the hemolymph sinuses of the hepatopancreas of a 
fiddler crab deployed as an experimental sentinel off the ABCRC dock (100% Immersion 
Treatment). Arrows indicate ameboid trophonts. Scale bar 20 µm, H&E.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
117 
 
Figure 4.9 Heavy infection of H. perezi in the heart tissue of a fiddler crab deployed as an 
experimental sentinel off the ABCRC dock (100% Immersion Treatment). Arrows indicate 
ameboid trophonts. Scale bar 20 µm, H&E.  
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Figure 4.10 Heavy infection of H. perezi posterior to the epidermal tissue of a fiddler crab 
deployed as an experimental sentinel off the ABCRC dock (Partial Immersion Treatment). 
Arrow indicates an ameboid trophont. Scale bar 20 µm, H&E.  
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Figure 4.11 Heavy infection of H. perezi in the gill tissue of a fiddler crab deployed as an 
experimental sentinel off the ABCRC dock (100% Immersion Treatment). Arrows indicate 
ameboid trophonts. Scale bar 20 µm, H&E.  
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Figure 4.12 Healthy hepatopanceas tissue from a fiddler crab that was uninfected post 
deployment. Scale bar 20 µm.  
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Table 3.1. Prevalence of infection and number of fiddler crabs deployed (in parentheses) during 
the last screening period of each sentinel deployment. Note that the crabs were held and re-
examined one to three times after each deployment (3x for Deployment 1, 2x for Deployment 2, 
1x for Deployment 3). The last screenings were completed after 6-weeks in the laboratory for 
Deployment 1 and 3-weeks for Deployment 2. Deployment 3 was screened immediately after the 
deployment. Prevalence was highest during the second deployment and no infections were 
present in the control groups. 
 
Treatment  Deployment 1 Deployment 2 Deployment 3 
Experimental sentinels 9.7% (32) 31% (32) 0% (33) 
Control sentinels 0% (30) 0% (19) 0% (30) 
Laboratory control 0% (20) 0% (30) 0% (30) 
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Table 3.2 Fiddler crab mortality (%), date and water temperature (start and end temperatures) by 
glass thermometer at the ABCRC pier (endemic site) during each 14-day deployment. Water 
temperatures for the controls were taken sporadically. For Deployment 2, the water temperature 
was 25°C for the control sentinel and 24°C for the laboratory control. For Deployment 3, the 
water temperature in the control sentinel was 19°C and 20°C for the laboratory control.  
Treatment  Deployment 1 Deployment 2 Deployment 3 
Experimental 
sentinels 
3% 3% 6% 
Control sentinels 6.6% 0% 6.6% 
Laboratory control 10% 0% 0% 
Date Oct. 9 – 23, 2014 Sept. 22 – Oct. 6, 2015 Oct. 16 – 30, 2015 
Temperature (°C) 20 : 15  24 : 20  19 : 18 
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Table 3.3 Number of replicates, sample sizes per replicate (N), prevalence of H. perezi 
infections, mortality and environmental conditions in treatments with fiddler crabs held in 
the inundation experiments. Inundation is the percentage of time covered by tidal waters. 
The above ground temperatures were taken from inside the cages. The temperature 
readings directly outside the cages were 18.7 - 46.5°C and 18.8 - 42.0°C, respectively. 
Temperature ranges in marsh and partial inundation treatments include both the water and 
air temperatures. 
 
Treatments Replicates N Prevalence Mortality Inundation Temp 
range 
(°C) 
Experiment 
I 
      
Subtidal 1 60 53% 5% 100% 24.4 - 
29.5  
Partial 
inundation 
1 60 60% 3.3% 80.5% 19.6 - 
31.1  
Above 
ground 
6 10  0% 83.3% 42.2% 19.5 - 
43.7  
Below 
ground 
6 10  0% 20% 42.2% N/A 
Blue crab 
control 
1 35 31% 63% 100% N/A 
VIMS pier 1 30 0% 0% 100% N/A 
Experiment II      
Subtidal 1 30 36% 63.3% 100% 25.1 - 
29.4  
Above 
ground 
6 10  20% 15% 57% 17.3 - 
42.8  
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Appendix 
 
Table 4.1 Distance between cages. Cage 1 is closest to the public pier (right to left). Each 
above ground cage was adjacently paired with a below ground cage. Distances between 
the pairs varied from 15.2- 29.2 cm. Total distance does not include the lengths of the 
cages (50.8 cm per cage). 
 
Deployment Treatment Cage  
1 - 2 
Cage  
2 - 3 
Cage  
3 - 4 
Cage 
 4 - 5 
Cage  
5 - 6 
Total 
distance 
1 Above 
ground 
7.9 m 9.1 m 9.4 m 7.8 m 8.8 m 43.0 m 
1 Below 
ground 
8.3 m 9.1m 9.4 m 7.8 m 8.8 m 43.4 m 
2 Above 
ground 
8.8 m  9.4 m 8.3 m 10.8 m 9.0 m 46.3 m 
 
Table 4.2 The second marsh experiment was placed closer to the water. The following 
are the distances between the old and new cage sites. New cages were placed directly in 
front of the old locations (straight line). 
Cage 1 Cage 2 Cage 3 Cage 4 Cage 5 Cage 6 
1.8 m 2.4 m 1.5 m 2.1 m 1.2 m 1.7 m 
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Chapter IV: Conclusions 
 
 In the high salinity waters of Chesapeake Bay and the coastal bays of the 
Delmarva Peninsula, the blue crab is often infected by the parasitic dinoflagellate 
Hematodinium perezi. My dissertation investigated the transmission and life cycle of H. 
perezi and added a new protagonist, the fiddler crab (Uca spp., Family: Ocypodidae) as 
an alternate host. My development of fiddler crabs as a model host for H. perezi 
infections allowed me to easily maintain the parasite in the laboratory, with little 
maintenance, and little cost. This expanded opportunities for investigating aspects of the 
host-parasite relationship in a controlled laboratory setting. Chapter 1 showed that basic 
elements of the host-parasite relationship were very similar to what has been reported for 
the blue crab and H. perezi; hence I could undertake additional comparative laboratory 
experiments and field studies on abiotic factors that would otherwise be difficult to 
address with blue crabs. Fiddler crabs and blue crabs are not identical and vary in 
behavior, habitat preference, and physiology. My results in my fiddler crab experiments 
were not intended to be viewed in isolation. Instead, my experiments serve as a 
comparative model to blue crab infections. Chapter 1 showed that the local species of 
fiddler crabs, Uca minax, U. pugnax, and U. pugilator were all susceptible by inoculation 
and had similar progression of infection by the parasite compared to blue crabs. My 
methods using fiddler crabs as a model system can be used by future researchers to 
address other novel questions. For example, they could potentially be utilized to identify 
the transmissive stage or the port of entry of H. perezi into the crab host. Inoculated 
fiddler crabs with patent infections may also be caged in their natural semi-terrestrial 
marsh habitat to observe if infections are lost over time. These methods can also be used 
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by researchers that are not carcinologists, as many phyla have congeners where one 
species is subtidal and the other is tidally exposed. The stratification of animal species in 
the intertidal zone is well documented and disease prevalence may vary based on the 
location of the animal in relation to its proximity to the water line. However, prior to field 
studies, laboratory studies are needed to ascertain if the species the researcher has chosen 
to compare can equally obtain infections via inoculations. 
Through laboratory studies, I determined that H. perezi progressed normally from 
the filamentous trophont stage to the ameboid trophont stage in fiddler crabs post-
inoculation. This was further supported by a serial passage study, that showed that 
hemolymph infected with H. perezi could be used to maintain infections in the laboratory 
and serially transfer the parasite back to blue crabs. While undertaking this early 
research, I surveyed fiddler crabs from an area within the endemic zone of infections in 
blue crabs on the Eastern Shore of Virginia. None of the fiddler crabs in field surveys 
from the natural population had diagnosable infections with H. perezi. This finding, along 
with the fact that the fiddler crabs were easily infected via inoculation in the laboratory, 
suggested the presence of transmission barriers in the natural environment. 
There are several types of transmission barriers which can be either biotic or 
abiotic in nature. For example, behaviors such as burrowing or disease avoidance may 
limit exposure. Alternatively, transmission barriers can have abiotic underpinnings, such 
as salinity, temperature, seasonality, and differences in geographic ranges. Salinity and 
temperature are both known factors in the progression and prevalence of H. perezi in the 
blue crab host. Hematodinium perezi is found in high salinity areas and proliferates 
quickly at higher temperatures, such as 25○C (Newman and Johnson, 1975; Messick and 
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Shields, 2000; Coffey et al., 2012; Huchin-Mian et al., 2018). Additionally, habitat 
fragmentation can limit disease transmission by isolating potential hosts. Physiographic 
features such as shallow enclosed lagoons or narrow sills in fjords, may increase the 
prevalence of H. perezi (Shields, 2012). Deep trenches and strong currents have also been 
hypothesized to act as transmission barriers. For example, ectoparasites of sillaginid 
fishes in Asia and Australia are separated into two distinct populations between provinces 
due to a steeply descending topography (Hayward, 1997). I have investigated several 
potential transmission barriers for H. perezi to fiddler crabs, including their burrowing 
behavior and the elevated summer temperatures in the marsh.  
To take advantage of fiddler crabs as model hosts, in Chapter 2, I examined the 
potential effects of temperature on the establishment and progression of infections of H. 
perezi. I asked whether low or high temperatures, or both, could limit infections in fiddler 
crabs. Previous work by Huchin-Mian et al. (2018) indicated that infections in early 
juvenile blue crabs develop very rapidly at temperatures at or above 25○C. In fact, 
infected crabs released dinospores in the 25○C treatment and then died from the effects of 
the infection. Fiddler crabs can tolerate a large range in temperature thus making them 
ideal to investigate the effects of temperature on infections in fiddler crabs. Therefore, I 
investigated the effect of a temperature on parasite establishment and progression over a 
broad temperature range. The laboratory temperature experiments were designed to 
address two questions. The first question was what is the effect of temperature on the 
establishment of infections? I inoculated crabs with H. perezi and followed the 
establishment of infections (nascent infections) over a broad range of temperatures (7○C, 
15○C, 20○C, and 25○C) and then repeated this experiment using a finer range of 
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temperatures (15○C, 17○C, 19○C, and 20○C) to give a more detailed examination of 
temperature effects. The second question was what is the effect of temperature on the 
progression of established infections? This experiment used crabs with established, patent 
infections and exposed them to a broad range of temperatures (10○C, 15○C, 20○C, and 
30○C). My research showed that lower temperatures delay the onset of infections, as well 
as delay development and progression between the life history stages, namely 
development from filamentous trophont to ameboid trophont stages. An important 
finding from these studies was that infections were eliminated from fiddler crabs at 30○C. 
Several of these previously infected crabs were negative for infection by hemolymph 
smear, histological assessment and PCR assay. This indicates that high temperature is 
likely a significant abiotic barrier to the establishment and progression of infections in 
fiddler crabs. However, blue crabs appear to harbor infections at 30○C (Huchin-Mian et 
al., 2018). Future temperature experiments should address if H. perezi infected fiddler 
crabs modify their behavior compared to uninfected crabs. For example, selecting cooler 
or warmer substrates that prevent or limit H. perezi proliferation in the hemolymph and 
tissues. Additionally, exposed fiddler crabs at 30○C which exhibit apparent loss of 
infections could be returned to lower temperatures to identify if the infections are truly 
lost or merely below the threshold of visible detection, still harboring viable infections. 
Fiddler crabs appear to be active while infected, however quantitative ethogram studies 
addressing the relationship between infection status and the amount of time spent in 
burrows, mate selection, and stamina could be fruitful areas of study. 
Fiddler crabs also provided a unique opportunity to study and identify some of the 
limiting factors in the natural transmission of H. perezi. The local fiddler crab species are 
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semi-terrestrial and thus have reduced exposure to water-borne pathogens, including the 
dinospore stages of the parasite (the presumptive transmissive stages). In Chapter 3, I 
designed field experiments to examine the nature of abiotic factors in the natural 
transmission of the parasite to fiddler crabs. For the field work, my initial question was 
simply can fiddler crabs held submerged in seawater in an endemic area become 
infected? This question was spurred by collaborative work on natural transmission in blue 
crabs in which I participated (Shields et al. 2017). Fiddler crabs serving as experimental 
sentinels became infected at the same rate as blue crabs. That spurred me to ask if the 
lack of transmission in the natural fiddler crab population is controlled by other 
ecological barriers, such as inundation (submergence), burrowing behavior, or 
temperature. With respect to the latter, marsh temperatures can surpass 40○C in the 
summer, and that, based on my laboratory studies, would eliminate or suppress natural 
infections of H. perezi. I therefore undertook inclusion experiments where crabs where 
held in mesh cages in the saltmarsh. These experiments showed that burrowing behavior 
appears to limit the natural transmission of the parasite to fiddler crabs. Submerged crabs 
had high prevalence of infection, followed by lower prevalence in crabs held in inundated 
areas without the ability to burrow. Blue crabs entering the saltmarsh habitat during high 
tides had infections and presumably brought them into the marsh ecotone. From these 
studies, I concluded that burrowing behavior and temperature (both low and high) 
appeared to limit the natural transmission of H. perezi to fiddler crabs in the saltmarsh 
ecotone. 
Model hosts, such as fiddler crabs, can provide valuable insights into the host-
parasite relationship as physiological differences between species may cause certain 
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species to be less susceptible. Fiddler crabs are equally susceptible by H. perezi 
inoculation to blue crabs, however this is not always the case for other tested crustaceans. 
For example, the model host, Homarus gammarus, was utilized to investigate 
Hematodinium sp. infections as natural infections do not occur in European lobsters 
(Davies and Rowley, 2015). Infected crabs, Cancer pagurus, were used to inoculate the 
European lobsters, however they found that the lobsters were refractory to Hematodinium 
sp. infections. Similarly, Pagenkopp Lohan et al. (2012) inoculated multiple species with 
Hematodinium perezi; Libinia dubia, L. emarginata, and Panopeus herbstii, and only L. 
emarginata became infected. Other model hosts include the red crab (Chaceon 
quinquedens) and the snow crab (Chionoectes opilio) for the bacterium Aerococcus 
viridans var. homari (Cornick and Stewart, 1975). The bacterium A. viridans is not 
pathogenic in red crabs at 5○C, 10○C, and 15○C or in snow crabs at 5○C. Comparatively, 
A. viridans causes fatal gaffkemia infections in lobsters (Homarus americanus). These 
model hosts respond differently to exposure then the lobster host, thus making them 
excellent comparative model systems. The opposite can also be true. For example, white 
spot syndrome is highly pathogenic across multiple crustacean hosts including shrimp 
(Corbel et al., 2001; Hameed et al., 2003; Bateman et al., 2012). Model system studies 
can be used to evaluate disease transmission and susceptibility in ways not possible in the 
intended host. These studies provide valuable supplementation to existing research, 
addressing differences in interspecies disease susceptibility as well as elucidating 
transmission barriers.  
I would like to conclude my dissertation by stating the value and importance of 
my work to the research community. I feel that the ultimate goal of a PhD or Master’s 
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thesis is to teach a student the scientific process and for that student to in turn leave 
behind a set of methods to benefit other students and the research community that can be 
built upon. For example, I have established that fiddler crabs caged in the marsh 
environment obtain H. perezi infections. Intertidal filter feeders such as mollusks can be 
housed with the fiddler crabs to investigate if filter feeders reduce exposure to the 
presumptive transmissive stage, the dinospore. My marsh experiments focused on Uca 
pugnax, however U. pugilator can also be used and the results can serve as a point of 
comparison to my current studies. Uca minax should additionally be evaluated for 
susceptibility through submersion studies. If U. minax can obtain infections via 
submersion this would provide a less labor-intensive method of obtaining infected crabs 
for inoculation material and in vitro studies. I tested U. minax submersion as a pilot study 
at ABCRC. However, no infections were obtained. Without proper controls the results 
were inconclusive and could mean either that U. minax are refractory or that the 
deployment was done when the stage of transmission was not present. It is known that the 
transmissive stage can infect U. pugnax, however if H. perezi cannot infect its congener 
U. minax, that could potentially highlight other barriers to transmission. Although neither 
is the intended host, if one species does not obtain infections through submersion that 
could indicate that a mechanism of entry is not present for U. minax. If this is the case, 
behaviors could then be compared between the congeners to identify the portal of entry of 
the transmissive stage. 
In my dissertation, I established a methodology that can be used to easily maintain 
H. perezi in the laboratory year round despite its nadir in the natural environment in the 
winter months. I explored the life cycle of H. perezi in a new host, widened our 
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understanding of how the parasite finds and interacts with potential hosts. Studying 
transmission to fiddler crabs has allowed me to identify important barriers to transmission 
that limit the parasite to an otherwise susceptible host population. This has advanced our 
understanding of ecological barriers in transmission of an important marine pathogen. 
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